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Summary
The present thesis deals with measurement of spray characteristics of two pressure–swirl
atomizers for a combustion chamber of a small–sized jet engine investigated on a cold test
bench by means of Particle Image Velocimetry (PIV) and Phase-Doppler Anemometry
(PDA). The aim of these measurements is to investigate and compare the spray charac-
teristics of these nozzles in order to elucidate the possible impacts of the design change
on the nozzle operation in the combustion chamber.
The theoretical part deals with fundamental concepts of liquid atomization, design and
performance of pressure–swirl atomizers and description of principles of the used laser
diagnostic techniques. Next part describes design and operation of the test bench. The
experimental part is devoted to experimental set-up and digital image processing and
post–processing techniques of the gathered data. Results contain velocity vector fields,
axial velocity profiles and droplet size distributions for various operating conditions of
both nozzles.
Keywords: atomization, spray, droplet, pressure–swirl atomizer, spill return, combustion
chamber, Particle Image Velocimetry, PIV, Phase-Doppler Anemometry, PDA
Abstrakt
Diplomová práce se zabývá měřením charakteristik sprejů dvou tlakových vířivých trysek
pro spalovací komoru malého turbínového motoru na zkušebním stavu za studena pomocí
metod Particle Image Velocimetry (PIV) a fázové Dopplerovské anemometrie (PDA).
Cílem měření bylo stanovit a porovnat charakteristiky sprejů obou trysek. Výsledky
měření mají objasnit rozdílnost chování trysek za provozu a možný dopad na proces
spalování.
Úvodní teoretická část pojednává o základních fyzikálních principech atomizace kapalin,
konstrukci a oblasti uplatnění tlakových vířivých trysek a o principech laserových dia-
gnostických metod použitých při experimentálním měření. Nasledující část popisuje návrh
a montáž zkušební trati a dalších zařízení navržených pro experimentální měření v této
práci. Experimentální část se zabývá nastavením parametrů měřícího systému a zpraco-
vání dat. Výsledky měření zahrnují vektorová rychlostní pole, axiální rychlostní profily a
distribuce velikosti kapek pro různé provozní podmínky obou trysek.
Klíčová slova: atomizace, sprej, kapka, tlaková vířivá tryska, obtok, spalovací komora,
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Liquid atomization plays an important role in many technical applications. Spray sys-tems are used in combustion furnaces, gas turbines, engines, spray drying and cooling,
spray painting, fire protection, humidification and many others. The related areas cover
many industrial branches: automotive, aerospace, chemical and pharmaceutical engineer-
ing; paper and food processing; agriculture; meteorology; and power generation [17].
Water and hydrocarbon fuels are the most commonly atomized liquids. Each application
requires atomizers with different design and principle of liquid spray generation depending
on the liquid properties and operating conditions.
Quality of atomization is one of the important parameters of nozzles for liquid spray
generation. It can be defined as a collection of spray characteristics relevant for a particular
application. The commonly investigated parameters are droplet size spectrum, droplet
velocity, mass distribution in the spray cone, spray cone angle and interaction of droplets
with ambient air.
Current research effort stems from changes in the legislation, reflects more frequent use
of less refined fuels and answers requirements for more efficient combustion devices. In-
vestigation of the quality of atomization is still a tremendously challenging task requiring
advanced experimental techniques. Spray parameters can be studied by means of laser
diagnostic methods which have been indispensable tools for researchers in the field of
experimental fluid dynamics for the last three decades.
The goals of this thesis are:
• Study of basic principles of liquid atomization
• Design and principles of operation of pressure-swirl atomizers
• Study of principles of laser diagnostic techniques
• Design and assembly of a test bench
• Application of laser diagnostic techniques on spray measurements
• Analysis of results
This thesis in particular focuses on measurement of spray characteristics of pressure-swirl
atomizers for a small-sized jet engine. Within a design update of this engine, the original
spill-return pressure-swirl atomizers were intended to be replaced with newly designed
atomizers without spill return. Both atomizers were tested on a test bench which was
designed and built in the framework of this thesis. As for applied methods, Particle
Image Velocimetry (PIV) was used as the principal experimental apparatus. These mea-
surements were complemented by means of Phase-Doppler Anemometry (PDA). These
methods complement each other, PIV giving the instantaneous velocity field and PDA
giving both the droplet velocity and droplet size simultaneously.
This thesis consists of 7 chapters. Chapter 1 concerns basics of liquid atomization. Chap-
ter 2 concerns the design of pressure-swirl atomizers and details of the tested fuel nozzles.
Chapter 3 concerns the principles of PIV and PDA techniques. Chapter 4 concerns the
design of the test bench and requirements on its operation. Chapter 5 covers the experi-
mental setup and data processing techniques. Results of the experimental campaigns are
presented and discussed in Chapter 6. Chapter 7 concludes this thesis.
In the appendices, reader can find supporting graphical material related to this thesis and
also conference papers which were written throughout the work on this project. Reader
is also strongly encouraged to explore the contents of the attached DVD.
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1. Basics of Liquid Atomization
1.1. Introduction
Atomization1 is a process in which bulk liquid is broken up via an atomizer into smalldrops. It can be carried out by a variety of means: aerodynamically, mechanically,
ultrasonically, or electrostatically [17]. The most practical atomization process for New-
tonian liquids in terms of power demand is the pressure atomization, where the pressure
drop is converted in an atomizer into kinetic energy of an emerging liquid jet or sheet and
leads to atomization. Suspension of droplets generated by an atomizer is called the spray.
Spray generation can be divided into two main processes – primary atomization, in which
the liquid stream is broken up into ligaments, takes place in the region close to the nozzle
orifice, and secondary atomization (or droplet breakup), where the large drops from the
primary atomization are further disintegrated into smaller droplets. The former one is
influenced by the internal nozzle flow and interaction of the liquid with the ambient air.
The latter one depends solely on the interaction of droplets with the ambient air further
downstream from the nozzle. These processes together determine the spray characteristics,
such as drop size, droplet velocity and spray angle. Liquid properties such as density,
viscosity and surface tension have a significant effect on atomization [13].
Liquid density can be defined as the ratio of the mass m to the volume of the liquid VL





Liquid density is usually highly dependent on temperature. The relationship can be
expressed by the following equation:
ρL,2 =
ρL,1
1 + α∆T , (1.2)
where
α mean volumetric expansion coefficient in the given ∆T (K,°C)
ρL,1,2 liquid density in states 1 and 2 (kg.m−3)
In practice, the influence of liquid density on atomization is under typical operating
conditions least distinct since the commonly atomized liquids (water, hydrocarbon fuels)
do not show large density differences. Influence of the pressure on liquid density can be
neglected because of its low compressibility. However, it should be taken into account in
systems with pressures of the order of tens of MPa [5].
1Etymology dictionary defines the verb "atomize" as to "reduce a liquid to a very fine mist", 1865.
Originally in ref. to medical treatment for injured or diseased lungs [1].
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Viscosity can be described as a measure of the resistance of a fluid in motion against the
acting stresses. For laminar flow, it can be derived from the Newton’s law of viscosity,
where the shear stress τ is proportional to the increase of the velocity in the direction




where µ is the dynamic viscosity. We often use kinematic viscosity, which is a combination




The standard unit of dynamic viscosity is kg.m−1.s−1 (typically expressed in centiPoise,
cP; 1 cP = 10−3kg.m−1.s−1) and of kinematic viscosity m2.s−1(typically expressed in
centiStokes, cSt; 1 cSt = 10−6m2.s−1). From a practical point of view, viscosity is the
most important property of an atomizing liquid. According to Bayvel and Orzechowski
[5], for low viscosities is the influence of viscosity on atomization low, however, an increase
in viscosity opposes the development of instabilities in the liquid sheets and jets, which
lead to their disintegration (sec. 1.2.1). Viscosity of the liquid fuels usually highly depends
on temperature. Theoretical formulas describing this influence are of low practical value,
and therefore the information is derived from experimental data (Fig. 1.1).
Figure 1.1.: Dependence of the liquid viscosity on temperature. 1, petrol; 2, kerosene;
3, diesel fuel; 4, heating oil; 5, water. Adapted from [5].
Preheating of viscous fuels is sometimes necessary for correct atomization. Difficulties
connected with atomization of the viscous fluids can be also overcome by use of pneumatic
atomizers (sec. 1.5).
Surface tension is a property which is related to the effect, when the liquid surface tends
to reach the smallest possible area, i.e. the spherical shape. It allows the surface to resist
an external force. It can be defined as the ratio of the surface energy dEA to the increase





1.2 Mechanisms of Drop Formation
It can be also defined as a force F acting on a unit length l of the free surface of the liquid




The unit of this property is J.m−2. Findings quoted by Bayvel and Orzechowski [5]
have revealed that surface tension has no effect on the size spectrum for high discharge
velocities (hundreds of meters per second). However, newer findings presented in Liu [17]
revealed that in pressure-swirl atomization, an increase in surface tension increases the
mean droplet size (2.12). Lefebvre and Ballal [13] emphasize the importance of the Weber
number (sec. 1.2) as a useful dimensionless parameter for correlating drop-size data under
conditions where surface tension plays an important role (i.e. at low Weber numbers,
when the aerodynamic forces do not influence the interaction between gas and liquid).
The mechanisms of drop formation vary with change of liquid pressure and atomizing
air velocities (in case of air-assist and air blast atomizers). Breakup at lower Weber
numbers (low liquid pressure or low atomizing air velocity) can be described using the
theory of breakup of liquid sheets and jets. This approach is nowadays referred to as
the classical theory which has been developed since the first half of the 20th century
[31, 33]. When Weber numbers are high (this corresponds to high liquid pressures or high
atomizing air velocities), breakup takes place rapidly. This process is described as prompt
atomization. As the name indicates, this process occurs instantaneously; liquid jets or
sheets have no time to develop and are immediately disintegrated. An essential feature of
this mechanism is the independence of drop sizes on the initial thickness of a liquid sheet
or a jet diameter. For the design of pressure atomizers, classical theory is more important.
Their performance is directly influenced by the mechanism of liquid sheet breakup [13].
1.2. Mechanisms of Drop Formation
The most important forces acting on the liquid during the atomization process are the
disruptive aerodynamic force (promotes atomization) and the restorative surface tension
force (hinders atomization). In the absence of disruptive forces, surface tension tends to
form a liquid sphere, which has the minimum surface energy. On the other hand, aerody-
namic force acting on the liquid surface supports the disintegration process. For breakup
of the bulk liquid, magnitude of the disruptive forces needs to exceed the consolidating
surface tension force. An important parameter is the Weber number, We. It represents
the ratio of the disruptive aerodynamic force (0.5ρAu2R, where uR is the relative gas/liquid
velocity) related to the surface tension force (σ/D). The critical condition for a single











R = piDσ , (1.7)
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where the left hand side is the Weber number for the critical condition. For low-viscosity
fuels, average values of Wecrit are around 12 [13]. For sub-critical We values, the surface
tension forces keep the original shape without distortion. At higher numbers, where the
aerodynamic forces dominate, drops disintegrate.
To indicate the influence of viscosity on drop breakup, dimensionless number known as
Ohnesorge number, Oh, (in some literature marked as Z [5] or
√







where We = (ρAu2RD/σ) is the Weber number and Re = (ρLuRD/µL) is the Reynolds




Low Oh numbers represent a fluid with either low viscosity or high surface tension. Ohne-
sorge numbers Oh > 0.1 mean, that the drop viscous forces are significant. Below this
value, experiments have shown, that the breakup is independent of Oh. Ashgriz [4]
presents other important dimensionless parameters such as the Bond number, Bo, which
represents the effect of gravitational forces. It can be expressed as the ratio of gravitational









1.2.1. Breakup of Liquid Jets
The classical model of sheet and jet breakup is based on the method of small disturbances,
which are formed on the liquid surface or within the liquid [5]. These disturbances may
be in the form of surface displacement, pressure or velocity fluctuations as well as fluctu-
ations in liquid properties. They support the formation and propagation of waves, that
lead to disintegration into drops. The phenomena of breakup is time-dependent, i.e. a
finite amount of time for the development of the instabilities is required. An increase
in liquid viscosity extends the breakup time and causes that the breakup processes will
occur further downstream resulting in larger drops. The first studies of the liquid jet
breakup were carried out by Rayleigh [13]. According to his findings, the growth of small
disturbances leads to breakup of the jet, when a certain wavelength, λopt, of the most sig-
nificant disturbance is reached. Weber later extended Rayleigh’s work and included the
effect of viscosity on the jet disintegration. According to their studies, the mechanism of
jet breakup is strongly dependent on the velocity of the issuing jet. At low velocities, the
droplets from the disintegrated jet are fairly uniform, with diameters around the double
of the initial jet diameter (Rayleigh breakup mechanism; Fig. 1.2). With increasing jet
velocity, the optimal wavelength for jet breakup decreases and so does the droplet diam-
eter. For very high jet velocities, atomization occurs rapidly and very close downstream
from the nozzle orifice [14].
4
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Figure 1.2.: Breakup of a circular liquid jet with low velocity. Adapted from [13].
1.2.2. Breakup of Liquid Sheets
Most atomizers generate a conical liquid sheet which is broken up into droplets. The
spray droplet sizes are generally about the same order as the liquid sheet thickness. The
disintegration of a sheet, like that of a jet, depends mainly on the discharge velocity.
Bayvel and Orzechowski [5] described the characteristic modes of sheet disintegration
as a function of discharge velocity. For the lower discharge velocity (several meters per
second) the thickness of the sheet decreases and the sheet is torn by perforations developed
in thin areas. For higher velocities, waves occur on the liquid sheet and rings of liquid
break away from its edge and further disintegrate into drops (Fig. 1.3). For very high
discharge velocities (around 100 meters per second), atomization starts at the nozzle exit
(prompt atomization).
There have been numerous studies on liquid sheet instabilities and factors influencing
breakup [4]. The reader is referred to Lin [16] for more detailed review of the breakup of
liquid sheets and jets with a thorough mathematical description.
1.2.3. Droplet Breakup
After the detachment of droplets from the liquid sheet or jet, they continue their motion
and may split up into smaller droplets as a result of interaction between the droplets and
5
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Figure 1.3.: Planar liquid sheet disintegration and drop formation. Adapted from [13].
the surrounding medium. Aerodynamic forces acting on a droplet may cause its defor-
mation and after overcoming the internal cohesive forces, its disintegration into smaller
droplets. This phenomenon is termed in the literature as droplet breakup or secondary
atomization [19]. Important applications of this phenomena can be found in the fields of
aerodynamics and propulsion (e.g. mixing and combustion of fuel droplets) [17].
In the literature [17], detailed review of the basic breakup modes can be found. Since
the majority of the atomizing liquids including water and most of the hydrocarbon fuels
are Newtonian liquids, following description, adapted from [4] and [19], applies to them.
Fig. 1.4 shows typical breakup of Newtonian drops, where time increases from left to right
and aerodynamic forces increase from top to bottom. The quantity U0 represents the
initial relative velocity of the ambient gas. The breakup modes are function of We. Each
breakup mode occurs in certain interval of the Weber number. When the drop enters a
disruptive flow field, it is deformed into a spheroid shape. At very low Weber numbers
(We < 12), oscillations lead to breakup into few large fragments. This is called the
vibrational breakup. For low Weber numbers (12 < We < 50), bag breakup occurs.
The goal of atomization is often to get smallest possible droplet sizes while minimizing the
input energy requirements.The bag breakup mode is considered to be the most important
because of the low energy input needed for achievement of the secondary atomization.
The top row in Fig. 1.4 depicts the bag breakup process. At higher relative velocities
(100 < We < 350), sheet-thinning breakup occurs. A sheet is formed at the periphery of
the drop and then evolves into ligaments that break up into fragments (third row in Fig.
1.3). Combination of the both previous modes occurs at values of We between them and
is called the mutlimode breakup. A long ligament forms in the center of the bag, which is
called a stamen or plume. The bag disintegrates first and the stamen and rim follow.
1.3. Drop-Size Distributions
Droplet formation has random and chaotic nature. One cannot yet precisely predict it
theoretically. The lack of theoretical description of droplet distribution led to development
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Figure 1.4.: Secondary atomization of Newtonian drops. Adapted from [4].
of empirical correlations of spray properties as a function of liquid properties and process
parameters. The size range of droplet diameters for different types of atomizers varies
from a few microns up to several hundred microns [13]. Mean droplet size and distribution
are important factors for many applications. In liquid combustion systems, droplet size
and spatial distribution influence fundamental flame characteristics such as heat transfer,
flame length and stability, and exhaust emissions. Smaller mean droplet size results in
better heat release, easier light-up and a lower concentration of the flue gas pollutants
[17].
One can illustrate the droplet size distribution both graphically and mathematically. A
simple method is to plot a histogram, where the ordinate coordinates represent the number
of droplets, whose dimensions fall between limits D − ∆D/2 and D + ∆D/2. Decreas-
ing the ∆D, the histogram reaches the form of a frequency distribution curve, provided
that the sample is large enough. This type of curve is widely used when comparing dif-
ferent operating conditions of the atomization process. Fig. 1.5 demonstrates the effect
of increasing fuel-injection pressure ∆PL on drop-size distributions for a pressure-swirl
atomizer.
Mathematical functions and empirical equations for the description of drop-size dis-
tributions are based on either probability or empirical considerations. The most fre-
quently used functions include normal, log-normal, root-normal, Nukiyama–Tanasawa,
Rosin–Rammler and upper-limit distributions [17]. None of these functions can charac-
terize all experimental data of droplet sizes. It is necessary to test several functions and
find the one that fits best for a particular application.
Perhaps the most widely used distribution function is the Rosin–Rammler, which was
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Figure 1.5.: Influence of fuel-injection pressure on drop-size distributions, adapted from
[13].
where
Q fraction of the total volume of droplets smaller than D
X experimentally determined constant
q experimentally determined constant
The exponent q is a measure of the spread of drop sizes. The higher the q value, the
more uniform the spray. If q is infinite, spray droplets are the same size. According to
Liu [17], for practical applications, the value of q lies between 1.5 and 4.0. A typical
Rosin–Rammler plot is drawn on a normal-probability scale with a straight line for ln(1−
Q)−1 and droplet diameter on the y-axis. The value of q then represents the slope of the
line and the value of X equals the value of D corresponding to 1−Q = exp(−1). Solution
of this equations yields Q = 0.632. Since this distribution function assumes an infinite
range of droplet diameters, data can be extrapolated to range of very small droplets,
which are difficult to measure [14].
Some experimental studies mentioned in [13] have shown, that Rosin–Rammler distribu-
tion occasionally deviates from the experimental data for the larger drop sizes. Much








Figure 1.6.: Rosin–Rammler plot. Adapted from [13]
1.4. Droplet Size
Instead of the complete drop-size distribution, for many purposes a single number charac-
terizing the drop is required. It is convenient to work only with mean and representative
droplet size. Mean droplet size is used as a measure of the atomization quality. There
have been various definitions of mean droplet size employed in different applications. The
most common droplet diameters are summarized in Tab. 1.1. The most important mean
diameter for combustion applications is the Sauter mean diameter, abbreviated SMD or
D32. This is the mean diameter with the same ratio of volume to surface area as the entire
droplet ensemble [13].
If we want to characterize a droplet size distribution, at least two parameters are necessary.
Typically these are a representative droplet diameter (e.g. mean droplet size) and a
measure of droplet size range (e.g. standard deviation or q parameter from equations
1.12 or1.13) [17].The most frequently used representative diameters are listed as follows
[13, 17]:
• D0.1 = 10% of total volume of droplets are of smaller diameters than this value
• D0.5 = volume or mass median diameter (VMD, MMD); 50% of total volume of
droplets are of smaller diameters
• D0.632 = Characteristic diameter; 63.2% of total volume of droplets are of smaller
diameters. This is the X in equations 1.12 and 1.13.
• D0.9 = 90% of total volume of droplets are of smaller diameters
If the drop-size data fit to the Rosin–Rammler distribution, all the ratios between any two
representative diameters are unique functions of q. Relationships between representative
diameters and alternative formulations of the equation 1.12 can be found in [17].
Drop-size distribution for any given atomizer depends on its size, design and operating
conditions. Atomization quality, as already mentioned in sec. 1.1, highly depends on the
physical properties of atomized liquids and on the properties of the surrounding gaseous
medium. In the reference [14], one can find large number of the mean drop-size equations
for all types of atomizers.
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1.5. Classification of Atomizers
The main function of atomizers is to transform liquid into fine droplets, and thus increasing
the ratio of surface area to volume. This process is of our particular interest for combustion
applications, where the atomization promotes evaporation of the fuel and mixing with air.
Bayvel and Orzechowski [5] present the preferable classification of atomizers based on the
type of energy which is used for atomization (liquid pressure, gas pressure, mechanical
energy, vibrational energy, electric energy, etc.).
1.5.1. Pressure Atomizers
Pressure atomizers are the most common type of atomizing devices. They rely on the
conversion of pressure into kinetic energy, which leads to atomization of the liquid. They
are of simple design and do not require additional input of energy or medium, hence,
they are the most economical group of atomizers. Their area of application is, however,
limited to liquids with lower viscosity. They include plain-orifice and simplex nozzles, as
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well as the dual-orifice injector [13]2. These various types are discussed in the following
subsections.
Plain Orifice
This is the simplest pressure atomizer where the liquid is passed through a small circular
hole. For low pressure, the liquid emerges as a thin stream. As the pressure differential
increases, a fuel jet is formed, which disintegrates into spray. Increase of fuel pressure
promotes the atomization process and increases the level of turbulence in the fuel jet. A
well known application of this type of atomizers is to afterburners (reheat) in supersonic
jet aircraft [13]. Disadvantage of plain-orifice atomizers for most practical applications is
the narrow spray cone.
Figure 1.7.: Schematics of pressure atomizers: (a) plain orifice; (b) simplex; (c) dual
orifice; (d) spill return. Adapted from [14].
Simplex
Much wider cone angles than those achieved by plain orifice atomizers are achieved
by pressure-swirl atomizers. These atomizers include a swirl chamber mounted before
the outlet orifice. The simplest form of a pressure-swirl atomizer is the simplex nozzle
(Fig. 1.7). In this nozzle, liquid is fed tangentially into a swirl chamber giving it a high
angular velocity, thereby creating an air-cored vortex. Liquid then flows through the exit
orifice under both axial and radial forces and emerges from the atomizer in the form of
a hollow conical sheet. The actual cone angle is determined by the relative magnitude of
the tangential and axial velocity components [19]. Disadvantages of this nozzle type lie in
the fact that the flow rate is a function of the square root of the injection pressure differ-
ential, ∆PL. For example, a low viscosity fuel can be atomized at the lowest pressure of
about 0.1 MPa. If we want to achieve a flow rate which equals to 20 times the minimum,
injection pressure of 40 MPa is required [13].
2Reference [5] uses a slightly different terminology for the pressure atomizers. In the most research
papers, terminology used by Lefebvre [14] prevails.
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Dual Orifice
Schematic of a dual-orifice atomizer is shown in Fig. 1.7. This type of nozzle solves the
drawback of high injection pressures needed for simplex nozzles. Ratios of maximum
to minimum flow rate about 20 and higher can be achieved with injection pressures
not exceeding 7 MPa. A dual-orifice nozzle consists of two concentrically fitted simplex
nozzles. The primary nozzle is mounted on the inside. For low flow rates, all the fuel
flows through the primary nozzle. As the flow rate increases, a pressure valve opens and
admits fuel to the secondary nozzle [13].
Spill Return
A spill-return atomizer is basically a simplex atomizer, except that the rear wall of the
swirl chamber contains a passage through which the excessive fuel is returned via a spill
line back to the fuel tank (Fig. 1.7d). The main advantages of this design is that the
injection pressure can be always kept high (flow rate can be controlled by regulating the
spill line), even at the lowest flow rates, achieving high atomization quality. On the other
hand, this system has some principal drawbacks. Pump power requirements are higher
than for the simplex nozzles (large recirculating flows all the time). Another disadvantages
are a wide variation in cone angle with change in flow rate and complicated metering of
the flow rate. For these reasons, interest in spill-return atomizers for gas turbines has
declined [13]. Pressure-swirl atomizers are covered in greater detail in chapter 2.
1.5.2. Air-Assist Atomizers
Air-assist atomizers overcome the drawback of simplex nozzles, which is the poor atomiza-
tion quality at low fuel flow. High-velocity air is used to improve the atomization. There
are two basic configurations. In the internal-mixing configuration (Fig. 1.8), air and fuel
mix in the nozzle before exiting the nozzle. In the external-mixing configuration, air im-
pinges on the emerging liquid sheet downstream of the exit orifice. Both configurations
can effectively atomize viscous liquids [13].
Figure 1.8.: Schematics of air-assist nozzles: (a) internal mixing; (b) external mixing.
Adapted from [13].
1.5.3. Air-Blast Atomizers
An air-blast atomizer uses the kinetic energy of pressurized air to break up the liquid sheets
and jets into droplets in the same way as the air-assist atomizer. The main difference
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between these two types lies in the quantity and velocity of air employed. Air-assist
atomizers use relatively low air flow rate of very high velocity. In air-blast atomizers,
larger quantity of air is required to achieve good atomization. Their advantages over
pressure atomizers lie in finer spray, lower pump pressures and improved combustion
process (low soot formation, low flame radiation, minimum of exhaust smoke). Various
forms of air-blast atomizers can be found in the literature [14].
Figure 1.9.: Plain-jet air-blast atomizer. Adapted from [13]
1.5.4. Effervescent Atomizers
The previously described types of twin-fluid nozzles employ the pressurized air, which
impinges on a liquid jet or sheet. The effervescent atomizers represent an alternative
approach, where the air is introduced into the bulk liquid upstream of the nozzle orifice.
This air is injected at low velocity and together with the fuel produce two-phase bubbly
flow. When this mixture emerges from the nozzle, air bubbles expand rapidly and shatter
the surrounding liquid into droplets. Typical design of an effervescent atomizer is shown
in (Fig. 1.10).
Figure 1.10.: Plain-orifice effervescent atomizer. Adapted from [13].
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Advantages of this design include good atomization quality, reduced problems with plug-
ging because of the large holes (atomization of residual fuels with solid particles), allevi-
ated soot and exhaust smoke formation and reliability. A drawback of effervescent atom-
ization is the wide distribution of droplets (corresponds to q of about 2 in Rosin–Rammler
distribution). Another complication is the need for separate supply of atomizing air, which
must be provided at the same pressure as that of the fuel. This drawback makes it un-
suitable for aircraft applications, however, effervescent atomizers have been employed in
various spray systems, such as the industrial gas turbine combustors, furnaces, and boilers
[13].
1.5.5. Rotary Atomizers
Rotary atomizers use the mechanical energy supplied by a rotating element (disc, wheel)
powered by an electric motor. They can be used for atomization of very viscous and
contaminated liquids.
Figure 1.11.: Schematics of rotary atomizers: (a) open cup; (b) closed disks; (c) multiple
orifices; (d) jet propelled. Adapted from [11].
They can generate a monodisperse spray. A relatively low power consumption is also one
of the advantages of this system. Principal drawbacks result from the need for a complex
mechanical system including bearings, transmission and lubrication [5]. Various designs
of the rotating elements are described in [11].
1.6. Requirements on Atomizers for Combustion
Applications
Fuel spray nozzles deliver fuel to the combustor, where it is thoroughly mixed with air
before combustion. There are certain requirements on the nozzle parameters in order to
achieve high combustion efficiency, low pollutant emissions, and a uniform distribution
of temperature in the eﬄuent gases. Industrial engines also require that the nozzles are
capable to atomize various fuel types. Lefebvre and Ballal [13] present the following
characteristics of an ideal atomizer:
1. Ability to provide good atomization over a wide range of fuel flow rates
2. Rapid response to changes in fuel flow rate
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3. Freedom from flow instabilities
4. Low power requirements
5. Capability for scaling, to provide design flexibility
6. Low cost, light weight, ease of maintenance, and ease of removal for servicing
7. Low susceptibility to damage during manufacture and installation
8. Low susceptibility to blockage by contaminants in the fuel and to carbon buildup
on the nozzle face
9. Low susceptibility to gum formation by heat soakage





Simplex nozzles are widely used in gas turbine combustors, industrial and domesticburners, rocket engines and many other engineering areas. In the nozzle, liquid is fed
through tangential ports into the swirl chamber (Fig. 2.2). The swirling liquid flow reaches
high angular velocity creating an air-cored vortex. The rotating liquid flows through the
nozzle orifice under both axial and tangential forces in the form of a conical sheet. The
cone angle is determined by the ratio of the tangential and axial velocity components at
the nozzle exit [25].
Appearance of the liquid sheet highly depends on the liquid injection pressure (Fig. 2.1).
At low pressures, liquid exits the nozzle in the form of a distorted pencil. With increasing
pressure differential, hollow bubble starts to form. This stage is according to Lefebvre [14]
described as the onion stage. With increasing gauge pressure, liquid sheet bubble opens
into a hollow tulip shape terminating in a ragged edge, where the liquid disintegrates into
drops. Spray cone angle increases as well. Increasing kinetic energy and higher pressure
differential leads to straightening of the liquid sheet and diminishing its thickness. The
liquid sheet disintegrates into ligaments and drops in very short distance from the nozzle
orifice in the form of a well-defined hollow-cone spray. At this stage, spray cone angle is
defined by the inner geometry of the nozzle.
Figure 2.1.: Liquid sheet formation as a function of liquid injection pressure. Adapted
from [14].
The liquid sheet can break up in three different ways, described in [5]. These three modes
of disintegration are called rim, wave and perforated sheet disintegration. The first one
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occurs at the edge of the liquid sheet and leads to relatively large droplets (consistent with
the tulip stage). During the perforated disintegration, holes appear in the liquid sheet,
which grow bigger as the film extends radially. The wavy disintegration is generated by the
waves propagating along the sheet. This is the effect of interaction with the ambient gas
at higher pressure differentials. Squire [31] in his pioneering work assumes the existence
of an optimal wavelength, which is responsible for the breakup of the liquid sheet. This
is consistent with the concept of liquid jet breakup introduced in sec. 1.2.1.
2.2. Nozzle Discharge Parameters
Internal flow in the pressure-swirl atomizers and spray characteristics were extensively
studied by Lefebvre and Rizk [24, 25] and by Lefebvre and Wang [36] in the 1980s.
They examined the inter-relationships between internal flow characteristics, nozzle design
variables and spray characteristics such as cone angle and mean drop size. Internal flow
characteristics are of significant importance for pressure-swirl atomizers because they
govern the thickness of the liquid film, as well as the ratio of the axial velocity component
to the tangential velocity components. Lefebvre [14] suggests, that the mean droplet sizes
are roughly proportional to the square root of the film thickness.
2.2.1. Flow Number
Flow Number is a parameter which describes the effective flow area of a pressure-swirl






where m·L is the mass flow rate in kg.s−1. The flow number can be correlated also using










AP total inlet port area (m2)
do outlet orifice diameter (m)
DS swirl chamber diameter (m) (Fig. 2.2)
Based on the knowledge of the flow number, Rizk and Lefebvre [24] derived an equation







We can see that liquid viscosity has a marked influence on the sheet thickness. This means
that liquids with high viscosity generate thicker sheets. Influence of the liquid density
seems negligible.
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Figure 2.2.: Schematic view of a simplex atomizer
2.2.2. Discharge Coefficient
Discharge coefficient CD is the ratio of actual flow rate to the theoretical flow rate. It
takes into account the pressure losses in the nozzle and also the efficiency of filling of
the exit orifice (i.e. which portion of the orifice cross section is filled with liquid). The
efficiency of filling of the exit orifice may be expressed in the following form [13]:
X = Aa
Ao




where Aa is the cross section area of the air core in the discharge orifice. Due to the
existence of the air core, which blocks the center of the exit orifice, discharge coefficient
of a pressure-swirl atomizer is low. Since it is rather difficult to measure the air core
dimensions, there have been attempts to express X as a function of atomizer dimensions.








The left hand term Ap/Dsdo in this equation is called the atomizer geometric constant,
K. Rizk and Lefebvre [24] analyzed a large amount of experimental data and derived the
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After calculating X from (2.5), thickness of the liquid film can be expressed in terms of







2.2.3. Spray Cone Angle
Pressure-swirl atomizers usually generate a hollow cone spray of wide angle with most of
the mass flux concentrated at the periphery. In practice, we can use two approaches to
define and measure the cone angle. One of them is the maximum cone angle, 2θ, which is
measured close to the nozzle orifice from the slopes of the outer surface of the liquid sheet.
The cone angle gradually reduces with increasing distance downstream from the nozzle,
owing to the interaction with ambient air. The second option, which is more widely used,
is defined as the angle between two straight lines drawn from the exit orifice to cut the
spray contours at some specified distance downstream from the orifice [14]. Taylor [33]
showed, that the spray cone angle is determined by the geometry of the swirl chamber
and is a function of the atomizer geometric constant, K. Rizk and Lefebvre [24] derived
a relationship between the cone angle and X (2.4):
cos2θ = 1−X1 +X , (2.8)
where θ is the cone half-angle (one half of the maximum cone angle 2θ). This equation is
valid only for liquids with low viscosity, such as water or kerosene. Rizk and Lefebvre in












We can see, that increases in discharge orifice diameter, liquid density and injection
pressure widen the cone angle, and increase in viscosity diminishes the cone angle. Length
of the discharge orifice, lo, also has a significant effect on θ. The longer the orifice, the
lower the cone angle, since the angular momentum decreases due to friction in the orifice
[5].
The significant influence of the geometric constant K on the atomizer performance was
more recently confirmed by a comprehensive CFD model by Liao et al. [15]. They found
that while K increases, discharge coefficient CD and film thickness increase, spray angle
decreases. It was also found that film thickness increases as Ls/Ds increases and decreases
as Ds/do decreases.
2.2.4. Velocity Coefficient
Velocity coefficient is a nozzle-specific dimensionless parameter related to the discharge
coefficient ,CD, and cone half-angle, θ [25]:
KV =
CD
(1−X) cos θ . (2.10)
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It is defined as the ratio of the actual discharge velocity to the velocity corresponding
to the nozzle pressure differential (theoretical discharge velocity). Knowledge of this
coefficient and the influence of nozzle geometry and operating conditions on its value
are important for the design and performance improvements, since the discharge velocity
influences the mean drop size and drop-size distribution. Influence of nozzle geometry on
theKV values based on a large amount of experimental data were thoroughly described by
Rizk and Lefebvre [25]. General conclusion from their study is that changes in discharge
orifice diameter have a distinctive effect on both the cone angle and velocity coefficient.
This means, that for two atomizers with similar size and geometry, only with different
discharge orifice diameters, the smaller one will produce a higher discharge velocity for
the same pressure drop.
2.2.5. SMD Equations
Due to the lack of sufficient understanding of the process of atomization to such an extent
that mean droplet diameters could be expressed in equations derived from the basic
physical principles, researchers have tended to correlate SMD using empirical formulas
based on experimental data of the following form [37]:
SMD ∝ σaνbm·cL∆P dL (2.11)
As already introduced in the previous section, discharge velocity has a special importance
for pressure-swirl atomization. It contributes to the atomization in two ways:
• absolute velocity UL generates turbulence and disturbances within the liquid stream
• relative velocity UR (ambient air and discharging liquid) promotes the propagation
of disturbance on the surface and in the air
Based on these considerations, Wang and Lefebvre [37] derived perhaps the most complex













(t cos θ)0.75︸ ︷︷ ︸
SMD2
, (2.12)
where SMD1 represents the first stage of the atomization process (propagation of instabil-
ities within the liquid sheet). SMD2 represents the final stage of the primary atomization
(sec. 1.1), in which the relative velocity at the gas/liquid interface causes the disintegration
of the liquid sheet.
When we inspect this equation, we can reveal some important features of pressure-swirl
atomization, some of which were already presented above:
• influence of viscosity and pressure differential on SMD is principal
• increase in cone angle reduces SMD
• SMD of viscous liquids is more dependent on ∆PL than liquids with low viscosity
• SMD is proportional to surface tension
• influence of liquid density, appearing in SMD2, is generally quite small
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• as t is proportional to FN (2.3), influence of the change in flow number on SMD for
viscous liquids should be lower
• increase in ambient gas density ρA decreases SMD, thus increases the quality of
atomization.
When predicting the SMD for given conditions, one should choose a formula which was
derived for the similar conditions. None of the empirical equations presented in literature
can predict the drop size for any given type of atomizer over its entire operating range
[13].
A typical range of SMD for pressure-swirl atomizers is 25–200 µm [17].
2.3. Spill Return
Spill-return nozzles are almost the same as the simplex nozzles. An additional feature
is the passage in the rear wall of the swirl chamber. When the spill line is closed, the
atomizer operates as a standard simplex nozzle. Opening the spill line, excessive fuel
returns back to the fuel tank. Liquid pressure and flow rate in the feed line are usually
maintained high, and some fraction of the liquid volume is atomized through the discharge
orifice. Flow rate through the discharge orifice is controlled by a valve or flow controller
located in the spill line.
An early implementation of the fuel system with spill control for the gas turbine engines
Ghost (de Havilland) was described by Carey [6]. Since the strength of the swirl motion
is determined by the inlet flow rate and not by the flow rate of the discharged liquid, high
atomization quality can be achieved even with very low fractions of the inlet flow rate.
Carey also showed, that satisfactory atomization can be achieved with as low flow rate
as 1% of the maximum value. Kapitaniak [10] studied the influence of the internal nozzle
geometry of spill-return atomizers on their performance and suggested optimal design
parameters for certain ranges of flow rate. Rizk and Lefebvre [26, 27] studied spray
characteristics and drop-size distribution of three spill-return nozzles of different flow
number with aviation kerosene as test liquid. Their findings show that increase of the
spill-return fraction slightly reduces the SMD and spread of drop sizes. This improvement
is due to the reduction of the liquid film thickness and increase of the cone angle. They
also found that SMD is proportional to FN0.25 what is consistent with the results for
simplex nozzles presented in the previous section.
Löﬄer-Mang and Leuckel [18] studied the flow field inside of an enlarged model of a spill-
return atomizer for different spill-to-feed ratios (SFR) and the spray cone angle of the





For SFR = 0, air core diameter increases in the direction towards the nozzle orifice. For
higher SFR values close to 1, the core has almost cylindrical shape of large diameter (small
liquid sheet thickness). The SFR seems to influence the axial and tangential velocity
distribution. At higher values (SFR > 0.75) a back flow along the air core is present.
The SMD values increase up to certain value of the spill-to-feed ratio (SFR = 0.5), then
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Figure 2.3.: Schematic view of a spill-return pressure-swirl atomizer
for higher SFR decrease. This finding indicates that the atomization quality is better for
high inlet flow rates and low discharge flow rates.
Except of the improved atomization quality, another advantage of the spill-return nozzle
type is that the flow passages can handle large flows at high temperatures (petroleum
distillates tend to form deposits on heated surfaces). However, following disadvantages
may outweigh the mentioned attractive features. Variations of the spray cone angle with
changes in SFR have negative influence on combustion stability. Another drawback is the
more complicated metering of the flow rate. Spill-return systems also have higher pump
power requirements. For these reasons, interest in this atomizer type for gas turbines has
declined [13]. Nevertheless, it has been applied with success to large industrial furnaces
and to special applications. Most recently, Nasr et al. [21] developed a new spill-return
atomizer indented to be used in disinfection systems in health-care. This atomizer can
produce SMD lower than 20µm for very low flow rates (0.1 l/min).
2.4. Tested Nozzles
In the framework of this thesis, two miniature pressure-swirl atomizers for the combustion
chamber of the TJ-100 jet engine were tested. This engine has been developed by PBS
Velka Bites, a.s. and is designed for experimental and ultralight aircraft. The engine
has a classical conception with radial compressor, annular combustion chamber and axial
turbine. The fuel is injected into the combustion chamber via 8 nozzles. The original
nozzle, developed and manufactured by PBS, has been used for several decades (Fig. 2.5).
It is a pressure-swirl atomizer with spill return. The intended replacement nozzle is a
simplex type (without spill return), developed by Parker Hannifin Corporation (Fig. 2.6).
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The former nozzle is further in this document referred to as "PBS nozzle" and the latter
one as "Parker nozzle".
2.4.1. PBS Nozzle
Internal nozzle geometry is presented in Fig. 2.4. Fuel is fed into the swirl chamber through
2 tangential ports with square cross section. Internal geometric dimensions are listed in
Tab. 2.1.












Internal geometry of the Parker nozzle was not available. However, measurements of the
nozzle orifice diameter revealed, that it is of smaller diameter than the orifice of the PBS
nozzle (approx. 0.2 mm).
Figure 2.4.: a) section view of the PBS nozzle; b) detail view on the swirl chamber.
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Figure 2.5.: PBS nozzle photographs.
Figure 2.6.: Parker nozzle photographs.
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3. Laser Diagnostic Techniques
This chapter briefly introduces the theory behind the advanced laser-based measure-ment techniques used for measurements of spray characteristics, i.e. Phase-Doppler
Anemometry (PDA) and Particle Image Velocimetry (PIV). The laser-based flow diagnos-
tic techniques as non-intrusive instruments have been used in wide variety of applications
where the conventional methods by means of physical probes would change the character
of the measured flow characteristics. They have been especially useful for flow diagnos-
tics inside of turbomachinery, engines and other devices with internal flow where the
application of other methods is out of the question.
The PDA system has a good spatial and temporal resolution and provides information
in single points. This device therefore requires a traverse system in order to investigate
the flow in a preferred area. It provides information about the mean particle velocity
and particle diameters. PIV is a whole-field technique used for measurement of two- and
three-component (2-C, 3-C) velocity vector fields in a planar domain of the flow field.
These two techniques complement each other, providing valuable information about the
flow field characteristics.
3.1. Phase-Doppler Anemometry
Since the PDA is an extension of the Laser Doppler Anemometry, this technique is de-
scribed first. This subsection is based on the materials from Dantec Dynamics [7], Zhang
[41] and Nitsche [22].
3.1.1. Laser Doppler Anemometry
The Laser Doppler Anemometry (abbrev. LDA, sometimes also Laser Doppler Velocime-
try – LDV) is based on the measurement of light scattering by particles in the flow field. As
the source of high-intensity monochromatic light, gas and solid-state lasers are preferred.
Some of the LDA characteristics are:
• point measurement, size of the measurement volume can be from about 20 µm to
several millimeters depending on the configuration
• non-intrusive measurement
• velocity range 0 – 1000 m/s
• measurement of one, two or three velocity components simultaneously
• no calibration required (only the measurement of angle between laser beams)
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Doppler Effect
Doppler effect is the underlying physical principle for velocity measurements with LDA
and PDA. Doppler effect in these techniques is related to the frequency shift of the laser
light reflected from a moving seeding particle. The principle is illustrated in Fig. 3.1, where
the vector U represents the particle velocity. Incoming and scattered light directions are
illustrated with the unit vectors ei and es, respectively. The incoming light has the
velocity c and frequency fi; due to the particle movement, particle "sees" the light with
a different frequency ,fp, which is scattered towards the receiver (light is scattered in
all directions but only the direction of the receiver is considered). The particle acts as
a moving transmitter and this movement introduces the additional Doppler shift in the
frequency of the light received by the receiver (photo-detector).
Figure 3.1.: Light scattering from a moving particle. Adapted from [7].
Frequency of the light reaching the receiver, fs, can be calculated from the following
relationship:
fs = fi + fi
U · (es − ei)
c
= fi +
U · (es − ei)
λi
. (3.1)
The second term in 3.1 represents the Doppler shift (Doppler frequency), which is usually
much smaller than the light frequency and for this configuration it can be directly resolved
only for very high particle velocities. A standard one-component LDA system consists
of two laser beams which illuminate the particle from different directions (Fig. 3.2). The
cross area of these two beams is called the measurement volume. A particle in the flow
passes through this volume and thus scatters the lights of two laser beams simultaneously.
Figure 3.2.: Scattering of two incident laser beams. Adapted from [7].
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Doppler frequency can be then obtained from the difference of the contributions from
these two beams:
fD = fs,2 − fs,1. (3.2)
Since the both beams are emitted from the same laser, they have the same frequency
f1 = f2 = fI , where I refers to incident light. Using 3.1, we can see that the Doppler
shift is proportional to the dot product between velocity, U, and the difference between
the two incident vectors, e1and e2:
fD =
U · (e1 − e2)
λI
. (3.3)
Manipulating this equation, we obtain a relationship showing that the Doppler frequency






where θ is the angle between the two incident beams (Fig. 3.4).
Interference Fringes
Another way of description of the signal received by the detector is the fringe model.
When two laser beams intersect in the measurement volume, they create an interference
pattern of light and dark planes called fringes (Fig. 3.3). The distance between the wave
fronts equals to the laser wave length.
Figure 3.3.: Interference fringes of two coherent laser beams. Adapted from [7].
The distance δf between the fringes in a dual-beam LDA is determined by the angle θ
between the beams and the wavelength λ of the light source:
δf =
λ
2 sin(θ/2) . (3.5)
The fringes are oriented perpendicular to the x-axis. As a particle passes through the
pattern, the intensity of the light reflected by this particle varies with a frequency pro-
portional to the velocity component ux of the particle:
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what is the exactly same result as in 3.4. Basically the whole velocity measurement is
reduced to the determination of the Doppler frequency since the wavelength and the angle
between the laser beams are known.
Measurement Volume
The size of the measurement volume determines the performance of LDA and PDA mea-
surements. The measurement volume has a shape of an ellipsoid and its size depends on
the configuration of the system, mainly on the focal length (distance between the trans-
mitting optics and the measurement volume) and beam diameter. An example of typical
measurement volume dimensions for a He-Ne Laser and 250 mm focal length is shown in
Fig. 3.4.
Figure 3.4.: Measurement volume geometry. Adapted from [22].
The calculated measurement volume size is applicable to particles of diameters smaller
than the fringe spacing. For large particles that could still scatter the laser light even
if the particle center is outside of the measurement volume, the effective measurement
volume is larger and should be set properly according to the particle size.
3.1.2. Extension of LDA for Particle Size Measurement
In LDA there is only one photo-detector. Change of the position of the photo-detector
changes the optical pathway for the reflections from the two incident beams. When we
use two photo-detectors, as illustrated in Fig. 3.5, both of them receive the signal with the
same Doppler frequency, but they are phase-shifted. The phases vary with the angular
position of the detectors (Fig. 3.7). The phase shift, ∆Φ12, is determined from the time
lag, ∆t, between the two signals:
∆Φ12 = 2pifD∆t. (3.7)
The measured phase shift is linearly proportional to the particle diameter by a so-called
phase factor, FΦ, which is determined by the optical arrangement of the PDA system,
refractive index between the particle and surrounding medium, the laser wavelength and
the light scattering mechanism:
DP = FΦ∆Φ12. (3.8)
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Figure 3.5.: Interference patterns differ at the two photo-detector surfaces. Adapted
from [2].
PDA systems can usually measure particle diameters between ca 0.5µm and several mil-
limeters. Concentration of the particles in the flow field is limited; its maximum value
depends mainly on the power output of the laser.
Fig. 3.6
Figure 3.6.: Optical arrangement of a two-detector PDA system. Adapted from [2].
The two-detector system (Fig. 3.6) can distinguish only a phase shift between zero and
2pi. Therefore, if a particle has a size that causes the phase to go beyond 2pi, the system
can not discriminate between this size and a much smaller particle. This ambiguity can
be overcome by an additional detector (receiving optics with three photo-detectors).
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Figure 3.7.: Phase shift between two detectors. Adapted from [2].
3.2. Particle Image Velocimetry
This subsection describes the operating principles and some practical aspects of PIV and
stereoscopic PIV. The actual experimental setup of PIV for the present experiments is
given in (sec. 5.3.2). For a comprehensive review of PIV, reader is referred to Adrian et
al. [3] and Raffel et al. [23]. A presentation describing the components of PIV systems
and application on spray measurements which was made and presented by the author of
this thesis can be found on the attached DVD.
3.2.1. Introduction
Particle Image Velocimetry is a method used in experimental fluid mechanics to deter-
mine instantaneous velocity vector fields by measuring the displacements of fine particles
dispersed in the flow. PIV has been successfully used and rapidly developed since its
introduction about twenty years ago1 [3]. An advantage of PIV compared to PDA is
the large spatial resolution which allows one to detect large structures in the flow field.
However, point-based measurement methods have much higher temporal resolution. The
temporal resolution of PIV is limited by the specifications of the equipment, notably by
the laser repetition rate and camera frame rate.
As the name of the technique indicates, PIV is based on imaging of particles. These are
seeded into the flow or they naturally occur in the studied phenomena (e.g. aerosols,
spray droplets or solid particles in hydrogeology). The particles added into the flow
(tracer particles) need to be small enough to follow the flow without slip but large enough
to sufficiently scatter light energy to form bright particle images. The amount of scattered
light received by the imaging optics also depends on the observation angle. Fig. 3.8 shows
the distribution of scattered light intensity for an oil particle in air illuminated with
λ =532 nm laser light.
The flow field with particles is illuminated by a light sheet from a laser. The particles
are illuminated and captured at a time t by a digital camera placed on one side of the
light sheet (Fig. 3.9). After a time interval ∆t, the flow field is illuminated and captured
again. Since we know the time separation ∆t between the 2 laser pulses very accurately,
1This information relates to the digital PIV. An analog technique preceding the nowadays PIV was used
already in the early 1980s [20].
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Figure 3.8.: Light scattering by a 10 µm oil particle in air. Adapted from [23].
we can measure the velocity of individual particles (particle tracking) or more common
of a group of particles and assign velocity vectors.
Figure 3.9.: Components and principle of a basic PIV system. Adapted from [22].




The main components of a basic PIV system are the light source (laser), digital camera
(CCD or CMOS), PC with an image acquisition software and a PC-controlled synchro-
nization unit for the camera and laser. The imaging system is characterized by the focal




where Da is the aperture diameter, and by the magnification M of the field of view
(defined as the image size divided by the object size). For a good determination of particle
displacement, it is important to keep the particle image size larger than one pixel. For
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smaller particles, we are not able to determine the particle image position within the
pixel. This leads to a phenomenon called pixel locking (peak locking). A design rule in [3]
states, that the effective particle image size, deff , should be around 3–5 pixels per particle
image diameter. However, for the best sub-pixel accuracy, 2 px particle images size is
recommended. Larger particle image size would increase the random noise [23].
Because of the small size of tracer particles, their image is largely determined by the
diffraction effect. The effective particle image can be determined as [23]:
deff =
√
(MDp)2 + d2diff , (3.10)
where ddiff is the diffraction limited particle image diameter:
ddiff = 2.44(1 +M)f#λ. (3.11)
This equation shows that the aperture number is important because it determines the
particle image size. A higher f# leads to larger particle image size.
The most often used light source for PIV is a Nd:YAG2 double-pulse laser with λ =532 nm
(visible green light). A dual-cavity laser consists of two separate lasers, whose beams are
combined with output optics and conditioned with light-sheet optics creating a divergent
laser sheet. Typical thickness of the laser sheet is about 1 mm. Generated laser pulses
have a very short duration (between 5 and 15 ns); therefore this instrument can be used
for illumination of high-velocity flows. The repetition rate of Nd:YAG systems typically
ranges between 10 and 50 Hz with up to 200 mJ of laser energy per pulse. This low
repetition rate is a limiting factor for time-resolved experiments. However, high speed
PIV systems using Nd:YLF3 lasers are already available. These lasers can emit pulses of
energy between 10 and 30 mJ at a repetition rate of 1 to 5 kHz [3].
When preparing a PIV experiment, it is important to align the laser sheet in the focal plane
of the camera, as well as the geometric calibration of the laser sheet optics and the imaging
equipment. The laser itself is quite an advanced device where each slight misalignment
has a negative influence on the quality of PIV images. Notably the misalignment in beam
overlap causes deterioration of the displacement correlation. Another source of potential
problems is the difference between the beam profiles of the individual laser beams.
3.2.3. Analysis
Digital captures from PIV represent a planar distribution of gray-scale values (e.g. 12-bit
cameras give 4096 values from white to black color). Based on the density of particle
images, there are two main approaches in PIV analysis:
• Particle Tracking Velocimetry (PTV) – low image density; displacement of individ-
ual particles can be determined.
• Interrogation window analysis – high image density; it is no longer possible to follow
individual tracer particles, statistical methods are applied for tracking of groups of
particles.
The latter approach is typical for standard PIV and is described in this subsection.
2Nd:YAG stands for neodymium-doped yttrium-aluminium garnet.
3Nd:YLF stands for neodymium-doped yttrium-lithium-fluoride.
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Figure 3.10.: Principle of PIV cross-correlation analysis. Adapted from [22]
The most common interrogation technique for single-exposure double-frame images (2
subsequent exposures recorded on separate frames) is to cross-correlate the particle images
lying in small regions called interrogation areas (IA), also called windows [3] or spots
(Insight 3G software). The whole field of view is divided into a grid of interrogation areas
(M × N). Typical IA sizes are squares with 2n pixels (128× 128, 64× 64, 32× 32). The
choice of IA size depends on the particle concentration, particle image diameter and the
laser pulse separation time, ∆t (i.e. displacement of the particle images between the first
and second capture). The interrogation areas are usually overlapped by 50% (or even
75%). In result, each IA gives one velocity vector (Fig. 3.10). The number of particles
per IA is denoted as the image density, NI , and plays a crucial role in PIV. A common
design rule for PIV recommends to keep NI > 10. In case of NI  1, the PTV approach
is applied.
The particle images are considered to be a pattern that moves with the flow. The best
match of two particle image patterns between the first and second exposure in an inter-





where X is the position vector in the image domain, s is the shift between images and
I1,2 are the light intensities of pixels in the first and second exposure, respectively. The
Ii values actually represent the signal which is cross-correlated between the frames. This
function virtually shifts the second window with respect to the first in order to find the
best match of particle images. It has a sharp maximum in the correlation plane at the
displacement ∆Xp between the recorded frames. The maximum occurs when the second
images are shifted by amount ∆Xp = s with respect to the first images. This makes the
second images lie over the first images. Backbone of the PIV analysis is then finding
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the R(s) peak, which determines the displacement of the particle image pattern and thus
the displacement of the particles in the flow field. The correlation function also gives
false correlation peaks caused by different particles overlapping at various s locations. An
important parameter is the signal-to-noise ratio (SNR), which is defined as the height
of the signal peak divided by the height of the second largest peak. Increase in image
density gives better SNR (Fig. 3.11).
Figure 3.11.: Correlation function R(s) for different numbers of particle images in the
interrogation area. Adapted from [12].
Between the consecutive captures, particles leave and enter the light sheet driven by
the out-of-plane velocity component. The probability that a particle stays in the light
sheet for both light pulses decreases with increasing out-of-plane displacement ∆Z. To
minimize the influence of the out-of-plane displacement, ∆t should be constrained to a
value, when ∆Z/∆z0 < 0.25 , where ∆z0 is the light sheet thickness (one-quarter rule
[3]). Particles also leave and enter the IA in the in-plane direction. This phenomenon
is called in-plane loss of correlation and it increases with increasing velocity. It can be
significantly reduced in multiple ways. The most common rule of thumb is to constrain
∆t such that |∆X|/DI ∧ |∆Y |/DI < 0.25, where DI is the dimension of the interrogation
area. The in-plane loss of pairs can be also reduced by choosing a larger second window
or by shifting the second window in the mean flow direction to catch the particles [3].
There have been various algorithms designed with the aim to improve the outcome of
the PIV analysis for various applications. The particular choice of PIV processing and
post-processing algorithms is described in (sec. 5.3.2).
3.2.4. Stereoscopic PIV
The principal drawback of the monoscopic PIV technique is the loss of information about
the out-of-plane velocity component, while the measured in-plane velocity components
are affected by the perspective error. Stereoscopic PIV (SPIV) is a widely used technique
which eliminates this problem, moreover it provides interesting information about the full
velocity vector for a reasonable cost increment above that of monoscopic PIV (an extra
camera, calibration equipment, more complex software).
In SPIV, two cameras are focused on the same location in the light sheet plane. Each
camera provides information about the particle displacement in x- and y-axis (∆XR, ∆YR,
∆XL, ∆YL), therefore four variables should suffice for determination of the out-of-plane
displacement, ∆Z [3]. The most common optical configuration of the SPIV cameras is
the angular displacement, where the optical axes of the lenses are set at stereoscopic angle
θ with respect to the normal of the light sheet plane (Fig. 3.12).
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Figure 3.12.: Stereoscopic PIV with angular displacement configuration.
The oblique observation angle of the object plane by both cameras results in two issues:
• blur caused by the position of the focal plane being rotated relative to the object
plane (one is unable to focus on the whole object plane)
• perspective distortion due to variable magnification in the object plane complicates
the matching of corresponding vectors in the 2-C vector fields provided by the both
cameras
In order to align the focal plane of the camera chip and the object plane, a simple me-
chanical solution is to use mounts between the camera body and the lens that enable
tilting of the camera with respect to the lens by a small angle α, given by the Scheimpflug
condition4(Fig. 3.14). These mounts are often referred to as Scheimpflug adapters. The
perspective distortion of the images is corrected with the use of a calibration target, which
contains a fiducial mark (usually a cross in the center of the target) and calibration points
(dots) in known positions.
Figure 3.13.: The back-projection algorithm maps the recorded image (left) on the
reconstructed image (right). Adapted from [23].
4It is a geometric rule that describes the orientation of the focal plane of a camera when the lens plane
is not parallel to the image plane. A thorough explanation can be found in [3].
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During the SPIV calibration, target is aligned with the light sheet and captured by the
both cameras. The pattern on the target is used to relate the image dimensions in pixels
to the physical geometric dimensions. An algorithm maps the pattern on the target and
identifies the fiducial marks on captures from both cameras. We obtain a polynomial
function mapping the distorted image onto an undistorted grid (Fig. 3.13). Each view in
a stereo-pair is interrogated individually; obtained 2-C velocity data are then used for the
reconstruction of the 3-C velocity vector field using the previous calibration. However, a
correct placement of the calibration target in the light sheet plane is almost impossible
due to the finite value of the sheet thickness and results always in a small misalignment.
(a) Scheimpflug angle setting. Adapted
from [35].
(b) 4-plane calibration target
(TSI).
(c) PIV cameras and target in position for stereoscopic calibration (cameras on both sides of
the light sheet).
Figure 3.14.: Scheimpflug condition and SPIV calibration equipment.
A procedure called stereo automapping is used for the correction of this disparity by
dewarping (creating an image with a constant magnification) and cross-correlating an
ensemble of the actual particle images. During the stereo automapping (also called self-
calibration[38]) a disparity vector map is computed on the real particle images by cross-
correlation of the images from the left and right camera to determine if the calibration
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target plane coincides with the light sheet. From the disparity vectors, the true position of
the light sheet in space is determined and the mapping functions are corrected accordingly.
Wieneke [38] describes this procedure in detail and shows that this procedure is effective
even if the calibration plate is quite far away from the light sheet. Automapping may




In this chapter, test bench design and operation will be described. Prior to the experi-ments, an all-new test bench was needed to be designed and built. Its main part is the
fuel supply system. Initial experiments with PIV confirmed the need for sophisticated
positioning equipment in order to carry out the stereoscopic PIV measurements where
high accuracy and proper alignment is required. In result, a mobile laser stand and 3-axis
camera positioning system were designed and built. Mechanical design of all the test
bench components was made in CAD software Autodesk Inventor.
4.1. Fuel Supply System
The fuel supply system has been meant to be mobile and adaptable for testing of a wide
variety of nozzles (mainly pressure atomizers and twin-fluid atomizers) with atomizing
liquids with various viscosity. Design and choice of equipment were constrained by the
following requirements:
• atomizing liquids: oils, hydrocarbon fuels and bio-fuels (e.g. kerosene, LHO, FAME,
bio-diesel)
• viscosity range: 1 – 15 cSt
• density range: 800 – 1300 kg/m3
• liquid flow rate: 2 – 100 l/h
• liquid pressure: up to 2 MPa
• temperature: 10 – 60 ◦C
• response time of the sensors (flow rate, temperature, pressure): ca 1 s
• sensor accuracy: ideally below 2% of the indicated value
The whole fuel circuit is attached to a mobile frame which is assembled from T-slotted
aluminium profiles Alutec K&K 1 with 45 × 45 mm cross section. This modular structural
system can be used to build a wide variety of custom constructions in a short time. Any
component of this system can be connected with another one without the need for special
tools, welding or machining. The frame has a cubical shape with side length 700 mm.
The first version of the test bench comprised equipment which was available from a
disassembled test bench. A fuel tank and a fuel pump were provided by our industrial
partner PBS Velka Bites. Schematics of this version can be found in [8] (Appendix A).
Based on the experience with the first version, several modifications were implemented
including new measurement and regulation equipment. Schematic of the latest version is
shown in Fig. 4.1.
1for more details see company web page http://www.aluteckk.cz
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Figure 4.1.: Test bench: (1) fuel tank, (2) fine fuel filter, (3) gear pump, (4) needle
valve, (5) mass flow meter, (6) pressure sensor, (7) temperature sensor, (8) atomizer
in a holder, (9) collection vessel, (10) axial fan and mist extraction conduit, (11) ball
valve, (12) rotameter, (13) solid state fuel pump.
For our measurements, aviation kerosene Jet A-12 was pumped by LUN 6223.01-8 aviation
gear pump. The gear pump performance was controlled by adjusting the motor speed and
by the fine metering valve in the external by-pass loop. The fuel was led from the tank
(approx. 20 l capacity) through a mass flow meter. The valves downstream and upstream
the mass flow meter are used for zero point adjustment of this instrument. The nozzle
holder was manufactured from a section of the original fuel feeding line from the engine.
It was located approx. 20 cm above a cylindrical collection vessel (80 cm long and 50 cm
in diameter).
Figure 4.2.: Fuel circuit model.
2fuel properties are listed in Appendix D.
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The nozzle holder was fitted with a shut-off valve for the spill-return line (line with the
rotameter (12) in Fig. 4.1). Kerosene was injected vertically into the ambient air at room
temperature and atmospheric pressure. The atomized fuel gravitated to the bottom of
the tank from where it was returned by a solid state fuel pump back into the fuel tank.
Tubing in the circuit consists primarily of copper tubes with 8 mm in diameter. All the
fittings and valves in this circuit are products of Swagelok company. Their system of
fittings uses mechanical compression grips which are easy to install and provide excellent
tightness.
The central part of the frame is reserved for the Huber minichiller-NR-plus. This device
will be used for thermal stabilization of test liquids.
4.2. Instrumentation
This subsection briefly describes parameters of the instruments included in the fuel circuit.
4.2.1. Flow Rate
Flow rate in the fuel feed line was measured by Siemens Mass 2100 Coriolis flow meter
fitted with Mass 6000 Ex transmitter. This flow meter offers accuracy 0.1% of the indi-
cated value in the almost whole operating range 0 – 250 l/h [30]. It is a multi-parameter
device for measurement of mass flow, volume flow, density and temperature (Pt1000 sen-
sor). The measurement is independent of liquid or gas properties. Values of the measured
properties are indicated on a display and the signal can be transferred using the cur-
rent output (4 – 20 mA) or frequency output. This instrument is attached to the frame
according to the manufacturer specifications by custom designed brackets (Fig. 4.3).
Figure 4.3.: Mass flow meter Mass 2100 after being mounted to the fuel circuit frame.
Flow rate in the spill line was measured by rotameter Omega FL-3539G which was cali-
brated for kerosene with help of the Coriolis flow meter in the inlet line.
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4.2.2. Pressure
The fuel circuit was equipped with two pressure transmitters BD Sensors DMP 331i with
range 0 – 18 bar. These instruments are equipped with 2-wire current output (4 – 20
mA). Pressure values were indicated on additional display units.
4.2.3. Temperature
The resistance temperature detector (RTD) Omega PR-13 was mounted in the inlet tub-
ing. In order to submerge the whole RTD into the flow, a copper tube with 12 mm was
used in this section (see Fig. 4.4).
Figure 4.4.: RTD assembly section view.
Omega SPRTX-S1 transmitter was connected directly to the RTD providing 2-wire cur-
rent output (4 – 20 mA). Scope of this thesis did not require temperature measurement,
however, it will be important for the future experiments.
4.3. Mobile Laser Stand
PIV lasers are conventionally mounted on a table or in a frame. Design of this laser
stand reflects the needs for a versatile and mobile support which arose after the initial
experiments with PIV. During these experiments, laser head was simply laid on a table.
This stand was particularly designed for the NewWave Gemini – 15 Hz laser but it can
be easily modified for other types.
This stand allows the PIV laser to become a standalone device which can be easily moved
where needed for experimental work. That is virtually impossible to achieve in a typical
setup (laser head on a table and power source under the table) mainly because of the
power source weight. Thanks to adjustable height and inclination of the laser head it can
be used for a wide variety of experiments. It is also intended to be used for educational
purposes in the future. The laser stand is built from the proven construction system
Alutec K&K. The laser stand is assembled from T-slotted profiles with cross sections of
45×45 mm and 45×90 mm. Profiles are bolted together using fixation brackets and M8
bolts. The base of the stand is fitted with casters with integrated brakes. Desired position
of the stand is fixed and adjusted using foundation brackets with rubber feet (Fig. 4.5).
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(a) Perspective view on the CAD
model.
(b) Photograph of the laser stand.
Figure 4.5.: Mobile laser stand.
Placement of the power sources in the lower part contributes to the stability of the stand.
A linear guide system enables smooth and accurate vertical positioning of the laser head.
Four guide rails (stainless steel rods, 12 mm in diameter) are fitted to the vertical beam
(45×90 mm) with 185 cm length. The sub-assembly for laser head positioning includes
two carts; each one is fitted with 4 pulleys3. Vertical position of the laser head can be set
in 800 mm range (distance from the ground 850 mm to 1650 mm). Vertical displacement is
implemented with the help of a hand winch which is bolted to the vertical beam. Vertical
position of the laser head is fixed with 2 bolts. The inclination angle (pitch) can be set
in the range of ± 15◦(Appendix E).
Table 4.1.: Technical parameters of the laser stand.
Quantity Value
weight (w/o equipment) 41 kg
outer dimensions H×W×B 1900×800×640 mm
allowed load – laser head 20 kg
allowed load – power supply 120 kg
3A drawing can be found on the DVD or in paper form in the attachments of this thesis.
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4.4. 3-Axis Camera Positioning System
Design of this positioning system, primarily intended for stereoscopic PIV measurements,
was inspired by systems developed by several manufacturers of equipment for experimental
fluid mechanics research (TSI, Dantec). These systems are usually equipped with stepper
motors and can be operated via a software interface, what is of practical use for multi-
plane measurements (scanning PIV) with high accuracy.
(a) Perspective view on the CAD
model.
(b) Photograph of the camera
stand during measurements.
Figure 4.6.: Camera positioning stand.
Design of the traverse system had to meet initial requirements, such as rigidity, versatility
and accuracy. The system had to enable measurements for various configurations in regard
of the relative position of the cameras and laser. Also, short construction time without the
need for extensive machining was required. Structural elements of the traverse system have
cross sections of 45 ×45 mm, 45×90 mm, 45×180 mm and 90×90 mm. Profiles are bolted
together using fixation brackets and M8 bolts. The base is fitted with adjustable rubber
feet with 80 mm in diameter, which compensate an uneven surface and provide stability.
Linear guide rails (stainless steel rods, 20 mm in diameter) with ball bushings provide
smooth and clearance-free setting of desired position in all three directions4. Motion
4A drawing can be found on the DVD or in paper form in the attachments of this thesis.
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ranges are 280 mm, 320 mm and 480 m for x, y and z-axis, respectively (Appendix F).
Cameras (or other instruments, such as LDA probe) are mounted on a 1 meter long rail
with 90×90 mm cross section, which can be easily replaced. Sheet-metal adapters on
the top side of the camera rail are used for mounting of the stereoscopic camera holders
(Scheimpflug mounts).
Table 4.2.: Technical parameters of the camera stand.
Quantity Value
weight (w/o equipment) 48 kg
outer dimensions H×W×B 1710×1000×630 mm
allowed vertical load in z-axis 40 kg
Distance of the vertical linear guide rails from the ground can be set according to the actual
needs. In the current setup, the lowest position is 850 mm above ground (measured to
the top of the camera rail). Spacing between the cameras can be set in the range from
300 mm to 800 mm. Position in each axis is set manually; nevertheless, electric actuation
can be fitted in the future. Vertical displacement is implemented with the help of a hand
winch, which is bolted to the back side of the vertical beam. Vertical position of the





After describing the principles of laser-based measurements and design of the testbench in the foregoing two chapters, this chapter deals with the particular set-
ups of the experimental campaigns. Throughout the project there were together seven
experimental campaigns (2 with PDA and 5 with PIV). A great deal of this chapter is
devoted to configuration and processing setup of the PIV measurements. PDA setup is
described only briefly.
5.1. Operating Regimes
According to client’s requirements, both nozzles were tested in regimes which correspond
to the typical operating conditions of the engine from idle to maximum thrust.
Table 5.1.: Operating regimes of the tested nozzles.



























150 Par 150 2.8 150 0 PBS 150 7.6
200 Par 200 3.13 200 50 PBS
200_50
2.29
340 Par 340 3.98 340 0 PBS 340 10.65
690 Par 690 5.46 690 0 PBS 690 14.61




Fuel temperature during all measurements was in the interval 22 – 25 ◦C. Indicated fuel
density was 791 kg/m3(measured at 25◦C). Corresponding flow rates were read from the
display of the mass flow meter. In case of the PBS nozzle regimes with spill return open,
net discharge flow rate is the difference between the inlet flow rate and spill flow rate.
As already mentioned in sec. 4.2, spill flow rate was indicated by the Omega FL-3539G
rotameter, which had to be calibrated first. In order to do so, a rotameter of the same
type was fitted in the inlet branch and corresponding flow rate values were matched with
the rotameter scale (150 mm). Measured values were interpolated by a second-order
polynomial. Resulting discharge flow rates for both nozzles are summarized in Tab. 5.1.
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5.2. PDA
A 1D Dantec PDA system was used for drop size and velocity measurement. Following
description was adapted from [9], where Jedelsky et al. presented results obtained using
this particular system with the same optical arrangement.
Figure 5.1.: Schematic of the experimental setup for PDA measurements.
The 1D system is equipped with the Ion Laser Technology 5500A-00 Ar-Ion+ laser (max.
power output 300 mW ). The spectral line 514.5 nm of the CW-laser beam with power up
to 40 mW and horizontal polarization is split, using the 58N10 transmitting optics, into 2
parallel beams 60 mm distant. The focal length of the transmitting lens is 500 mm, which
results in a half-intersection angle between the beams of 3.43◦. The frequency of one of
the beams is shifted by 40 MHz. This configuration leads to a fringe separation of 4.3
µm. First-order refracted light is collected using Dantec 57X10 receiving optics equipped
with three photo-detectors. The focal length of the receiving lens is 500 mm and the
scattering angle ϕ was set to 69◦(Fig. 3.6). This setup allowed to measure the drop size
up to 220 µm. A Dantec 58N50 signal processor was set to measure velocity within the
range of -26 to 26 m/s at 12 MHz bandwidth. The obtained data were evaluated using
BSA Flow Software v2.1.
Figure 5.2.: Photograph of the PDA setup.
Experimental setup for the PDA measurements is schematically illustrated in Fig. 5.1.
Radial scans of the spray profiles were carried out in two planes – 25 and 50 mm down-
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stream of the discharge orifice with 10 mm distance between the measurement points.
Fig. 5.2 shows the experimental arrangement in the lab (vertical position of the nozzle in
the picture is lower than it was during the actual measurement).
5.3. PIV
This subsection describes the setup of four PIV measurement campaigns which were
carried out after finishing the laser stand and camera traverse system. Reader can find
results of the initial experimental campaign, which was carried out prior to these four in
[8]. This paper can be found in Appendix A.
5.3.1. PIV Components
Both single-camera and stereoscopic PIV systems shared the same laser and timing unit.
Each system used a separate computer for data acquisition and processing.
Laser
The laser used as light source for the experiments was NewWave Gemini – 15 Hz. This
Nd:YAG laser produces infrared light at 1064 nm wave length. A second harmonics
generator is used to produce visible radiation at 532 nm by vertically polarizing the
fundamental infrared beam. The maximum theoretical power output of this laser is 120
mJ per pulse (our measurements indicated a value close to 70 mJ). Thanks to good light
scattering characteristics of kerosene droplets, relatively low laser energy was needed for
the experiments (around 15 mJ per pulse). Pulse width of this laser is 7 ns and maximum
repetition rate of the two pulses is 15 Hz; however, the camera data transfer limits the
overall acquisition rate to 3.6 Hz.
Cameras
For all measurement campaigns, 12-bit cooled TSI PIVCAM 13-8 cameras were used.
This camera has resolution of 1280 ×1024 pixels spaced 6.7 µm in each direction and a
double shutter feature which enables very short inter image times (minimum is 500 ns).
The maximum frame rate is 7.3 Hz, in double shutter mode the measurement frequency
is 3.6 Hz. The cameras were equipped with Nikon lenses:
60 mm lens AF-S Nikkor 60 mm f/2.8 micro
28 mm lens AF Nikkor 28 mm f/2.8D
Timing Unit
The simultaneous triggering of laser and cameras was controlled by TSI LaserPulse Syn-
chronizer Model 610035. Synchronizer was connected to the acquisition PC via RS-232
and triggering cables were connected to the cameras and laser.
51
Chapter 5 Experimental Setup
Software
All aspects of the capture setup, image acquisition, image processing and post-processing
were performed with the Insight 3G software of TSI. This program allows to set all
the important parameters like illumination intensity, laser pulse separation interval and
capture frequency. Processing setup offers wide variety of options and one can run macros
with own code. Velocity data can be exported to Matlab and Tecplot for creating plots
and further post processing.
5.3.2. PIV Settings
Configurations
Single camera measurements were carried out first with the 60 mm macro lens, the latter
measurement incorporated the 28 mm lens for a larger field of view. The camera was
oriented perpendicular to the plane of the light sheet. Both SPIV configurations were
symmetrical with the stereoscopic half angle θ set to 40◦(Fig. 5.3).
(a) Schematic of the PIV configurations.
(b) SPIV 1 and mono PIV during demo experiments.
Figure 5.3.: PIV Configurations.
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This setting should provide sufficient accuracy for the measurement of the out-of-plane
velocity component [3]. Details of the acquisition setup for the individual configurations
are listed in Tab. 5.2. In all measurement campaigns, distance between the camera lens
and nozzle axis was about 500 mm.
Table 5.2.: PIV settings.






Mono 60 mm 77.11×61.7 500 11 0.11
Mono 28 mm 162.2×129.74 500 13 0.0528
SPIV 1 60 mm 199.48×125.39
(dewarped image)
1500 left 16 right 16 0.0547
SPIV 2 28 mm 106.86×60.25
(dewarped image)
500 left 11 right 16 0.114
As stated earlier in sec. 3.2.2, the effective particle image diameter should be about 2
px to avoid peak-locking (tendency to round off the measured velocity in discrete steps).
In sprays, the particle diameter is given by the nozzle design and operating conditions.
According to Eq. 3.10, deff is a function of image magnification and aperture number.
Magnification is defined as the image size divided by the object size. Based on the
vertical resolution of 1024 px and pixel size of 6.7 µm, the magnification for the mono
PIV configuration with 60 mm lens is:
M = 1024 · 6.7 · 10
−6m
61.7 · 10−3m = 0.11 (5.1)
In order to achieve deff = 12.4µm (2 pixels) for an SMD value of 60 µm (average SMD
generated by the tested nozzles) for the given magnification, aperture number f ] expressed
from 3.11 is 7 (in case of particle image diameter of 3 px, f ] is 13). The actual aperture
setting was a compromise between good particle visibility and low reflection intensity in
area close to the nozzle orifice. As shown in Fig. 3.8, the primary light scattering is in
the forward direction, secondary in backward direction and the lowest scattering is in the
sidewards direction. This means that each camera position in respect to the direction
of laser sheet propagation requires different aperture setting. Visibility of particles can
be improved by opening the aperture, but this also decreases deff . Another option is
to increase the laser energy, however, one has to be aware of the reflections which could
damage the camera sensor. The final aperture settings are in Tab. 5.2.
Each of the tested regimes required different time delay∆t between laser pulses in order to
minimize the out-of-plane motion of particle images between the paired captures, as well
as the in-plane loss of correlation due to large particle displacement at higher velocities.
In the first experiments (close-up with 60 mm lens), it was found out that the chosen ∆t
values are higher than optimum; this was treated in the processing setup. ∆t settings for
each experimental run are summarized in Tab. 5.3.
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SPIV 1 SPIV 2
Par 150 40 – 40 –
Par 200 35 30 40 30
Par 340 30 – 30 –
Par 690 20 – 25 –
Par 1000 15 20 20 15
PBS 150 40 – 50 –
PBS 200_50 40 30 50 30
PBS 340 30 – 30 –
PBS 690 20 – 20 –
PBS 1000 15 – 20 –
PBS 1000_400 15 20 20 15
Pre-processing
In raw PIV captures often occur unwanted background signals such as reflections and
room light. For all experimental runs, corresponding background images were created
(field of view with the nozzle without spray) and subtracted from the spray captures. This
procedure prevents background signals from biasing PIV results, reduces image noise and
thus significantly improves SNR of the correlation peaks.
(a) Raw image. (b) Image after background subtraction.
Figure 5.4.: Result of image pre-processing.
Calibration
For single-camera measurements, spatial calibration was performed by placing the cal-
ibration target (Fig. 3.14) in the measurement plane to obtain a relationship between
pixels and physical space. As for stereoscopic measurements, camera viewing angles with
respect to the measurement plane needed to be compensated. This was performed using
the calibration target and the stereo automapping procedure (sec. 3.2.4) for corrections
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of the misalignment between the position of the light sheet plane and the calibration tar-
get. A typical range of automapping correction of the light sheet position for our SPIV
measurements was ±0.5◦for rotation and ±0.5mm for translation.
(a) Left camera capture. (b) Right camera capture.
Figure 5.5.: Captures of the calibration target (SPIV 2).
Processing
The pre-processed and calibrated captures were interrogated using a recursive, two-pass
cross-correlation processor in the Insight 3G package. The chosen processor uses a rectan-
gular grid with starting and final spot size 64×64 and 32×32 pixels, respectively. During
multi-pass processing, successive passes use the initial results as a starting value for the
offset of the search area in spot B (in a capture taken at t+∆t) relative to spot A (in a
capture taken at t) centered on the displacement estimation (Fig. 5.6a). Default settings
of spots A and B offset in the first iteration is zero. However, an offset setting based on
the mean particle displacement between spots A and B can increase the number of valid
vectors. In our case, offset in the first iteration was set to values in the range of 3 – 6
pixels in the mean flow direction (z-axis; Fig. 6.2a ).
Median and global velocity filters are used to remove spurious vectors between the con-
secutive passes. The spot overlap was set to 50% and 75% in the first and second pass,
respectively.
(a) Interrogation area offset. (b) Deformation grid.
Figure 5.6.: Multi-pass PIV processing. Adapted from [32].
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A deformation grid processor was applied to mono PIV captures and the results were
compared with those obtained with the rectangular grid processor (starting and final spot
size were kept the same). This processor is a refined version of the multi-pass processor
where the input image is "deformed" to remove effects of flow rotation and gradients within
the interrogation region (Fig. 5.6b). This method results in stronger correlation peak
and better accuracy, however, the computational cost is higher.
Computation of the SPIV velocity field includes independent interrogation and post-
processing of the captures from the left and right cameras and consecutive reconstruction
of the 3-C velocity vector field.
Post-processing
PIV processing checks only SNR to validate vectors. Each vector which passes a preset
SNR value is marked as valid. However, there is a need to remove invalid vectors from
the results, especially for intermediate passes in multi-pass techniques, where bad vectors
could be used as an estimate for the consecutive pass.
(a) Processed image with spurious vec-
tors.
(b) Post-processed image with interpo-
lated vectors.
Figure 5.7.: Processed and post-processed PIV image.
The intermediate and resulting instantaneous velocity vector fields were validated using
mean and median filters (local validation) followed by Rohaly-Hart analysis [28] to replace
invalid vectors with alternate choices. Global validation was set to remove invalid vectors
which were not in the preset velocity range (e.g. vectors with negative y-axis components
and with too high x-axis values). Any remaining invalid vectors were interpolated when
a majority of neighbor values was present (on average, about 3% of vectors in the instan-
taneous were interpolated, mainly at the spray periphery). Given instantaneous velocity
vector fields for each configuration were used for calculation of average fields which in-
cluded turbulence statistics and measurement uncertainties. The statistical uncertainty






(xi − −x)2 (5.2)
where −x is the mean value over n data points. The standard deviation is a measure for
the variety of the data. The resultant total standard deviation of the velocity vectors σtot
is presented in (sec. 6.2.4).
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In this chapter, results of the PIV and PDA measurement campaigns are presentedand discussed. Parts of the results presented in this thesis have been presented at a
scientific conference (Appendix A) and some will be presented at other two conferences
(Appendix B) and (Appendix C).
6.1. Spray Morphology
Description of the spray morphology concerns the cone angle and internal spray structure.
Two different approaches were chosen for cone angle description. In order to estimate the
maximum cone angle 2θ (sec. 2.2.3), 250 PIV captures were averaged for each operating
regime. Measurement principle and resultant images are presented in Fig. 6.3 and Fig. 6.4,
respectively. The latter approach represents the measurement of vector angle 2Φ. Zhang
et al. [40] used a similar approach for cone angle description of a super-heated spray using
high-speed PIV. This angle was measured in the resultant PIV vector fields between the
velocity vectors with the highest magnitude in the area close to the nozzle orifice (Fig. 6.5).
It depends on the kinetic energy of droplets detached from the liquid sheet.
(a) PBS 150. (b) PBS 200_50. (c) PBS 340.
(d) PBS 690. (e) PBS 1000. (f) PBS 1000_400.
Figure 6.1.: PIV photographs of the PBS nozzle.
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Spray structure can be observed in the axial sections of the sprays generated by both
nozzles for each operating regime, shown in Fig. 6.1. These photographs were obtained
from the single-camera PIV measurements.
(a) Coordinate system for the PIV
measurement.
(b) Par 150 (c) Par 200.
(d) Par 340. (e) Par 690. (f) Par 1000
Figure 6.2.: PIV photographs of the Parker nozzle.
PBS nozzle generates a noticeable fraction of large drops dispersed in the whole spray
cone at lower inlet pressures. At lower pressures (Figs. 6.6a to 6.6c) the tulip-shaped
liquid sheet terminates in a ragged edge where the fuel disintegrates into ligaments and
droplets. With increasing pressure differentials, spray core is formed by smaller droplets
due to the drag force caused by gas entrainment towards the spray core and larger droplets
can be observed at the spray periphery (Figs. 6.6d to 6.6f). Comparing Figures 6.6e
and 6.6f, we can see that spill flow regulation decreases the droplet size in the spray core.
This is due to the decreasing thickness of the liquid sheet. Flow rate regulation via the
spill return valve also causes changes in spray cone angle. 2θ in regimes without spill
return is almost constant in the whole inlet pressure range.
(a) Par 200 at t0. (b) t0 + 35µs. (c) t0 + 70µs. (d) Par 200 averaged
over 250 captures.
Figure 6.3.: Cone angle measurement from PIV captures.
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Increase in 2θ is noticeable at both tested regimes with spill flow regulation compared to
the regimes with closed spill return (Tab. 6.1). Vector angle 2Φ for regimes without spill
return increases moderately until 690 kPa; further increase in pressure differential does
not influence the vector angle. In the spill-controlled regime PBS 200_50, 2Φ is the same
as at 150 kPa. This is due to the low kinetic energy of droplets. However, a noticeable
increase in 2Φ can be seen in the second spill-controlled regime PBS 1000_400. In this
regime, droplets thanks to high kinetic energy and inertia spread in the direction of the
liquid sheet propagation.
(a) PBS 150. (b) 200_50. (c) PBS 340. (d) PBS 690. (e) PBS 1000. (f) 1000_400.
(g) Par 150. (h) Par 200. (i) Par 340. (j) Par 690. (k) Par 1000.
Figure 6.4.: Averaged PIV captures for spray cone angle measurement.
(a) Vector angle mea-
surement principle.
(b) PBS 150. (c) PBS 200_50. (d) PBS 340.
(e) PBS 690. (f) PBS 1000. (g) PBS 1000_400. (h) Par 150.
(i) Par 200. (j) Par 340. (k) Par 690. (l) Par 1000.
Figure 6.5.: PIV vector angle measurement.
Parker nozzle exhibits a strong dependence of spray characteristics on the pressure dif-
ferential. At the lowest tested gauge pressures (Figs. 6.7a and 6.7b), liquid sheet is
contracted by the surface tension force and forms an onion-shaped bubble which collapses
close to the spray axis. Therefore, drops are concentrated around the spray axis, creating
a full cone spray. With increasing kinetic energy and pressure differential liquid sheet
straightens and diminishes its thickness. The liquid sheet disintegrates into ligaments
and drops in a very short distance from the nozzle orifice in the form of a well-defined
hollow-cone spray. This behaviour is consistent with other simplex nozzles described in
the literature [14, 5, 27, 36, 33]. Inspection of Figures 6.7c to 6.7e indicates that the
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spray core is formed by smaller droplets; droplet size increases with the radial direction.
Droplet clusters can be seen in the spray core as the result of the interaction of droplets
with the ambient air.
Table 6.1.: Cone angles.
Operating
regime
Cone angle 2θ [◦] Vector angle 2Φ [◦]
PBS Parker PBS Parker
150 74 56 51 0
200 – 60 – 13
200_50 80 – 51 –
340 74 78 58 42
690 76 86 64 68
1000 76 88 64 78
1000_400 86 – 74 –
Cone angle 2θ increases at first rapidly with increasing inlet pressure. At inlet pressure
values above 600 kPa, cone angle increases slowly towards its final value defined by the
internal geometry (reached at around 1 MPa). As for the vector angle 2Φ, at the lowest
pressure setting velocity vectors head in the direction of the z-axis1 (Fig. 6.2a). 2Φ
increases rapidly with increasing pressure differential. At higher pressures above 600 kPa
when the cone angle 2θ is constant, vector angle still increases.
6.2. PIV
Sprays in general represent an optically harsh environment for PIV. In some areas the
measurement was inaccurate mainly due to low seeding density, large speckles and droplet
clusters. In principle, PIV measures the displacement of all objects in the flow, either
ligaments or droplets. However, quality of PIV relies very much on the size, concentration
and spatial distribution of seeding particles. Excessive velocity gradients contribute to
in-plane and out-of-plane loss of correlation. This phenomenon is most significant at the
spray periphery. This area is formed by ligaments and large droplets with high kinetic
energy. The best seeding quality was achieved in the spray core at higher pressures. This
area is formed by a fraction of the smallest droplets with low velocity. However, droplet
clustering in this area did not allow using interrogation areas smaller than 32 x 32 pixels.
6.2.1. Velocity Magnitude Distribution
Velocity distribution in the spray generated by the PBS nozzle indicates a hollow cone
formation from the low inlet pressure up to the maximum pressure setting. In the spill-
controlled regime 200_50, PBS nozzle generates finer droplets, which due to their lower
kinetic energy decelerate in a short distance downstream from the discharge orifice (Fig.
1A typical coordinate system used in PIV can be seen in Fig. 3.12. A coordinate system which is typical
for spray measurements with optical methods is used in this document.
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6.6b). Sprays generated at higher pressure differentials have similar spatial velocity
distribution, differing in the velocity magnitude in the proximity of the nozzle orifice
(Figs. 6.6c to 6.6e). As we can see in Fig. 6.6f, spray generated in the spill-controlled
regime at 1000 kPa inlet pressure exhibits lower velocity magnitude of droplets than
the regime without spill return at the same inlet pressure, what is related to the lower
thickness of the liquid sheet and thus the smaller droplets.
Velocity magnitude distribution in sprays generated by the Parker nozzle shows a signifi-
cant dependence on the inlet pressure. For the lowest two pressure settings, liquid mass
is concentrated around the spray axis (Figs. 6.7a and 6.7b); high velocity region is lo-
cated under the break-up spot of the liquid sheet bubble. With increasing gauge pressure,
spray mass shifts towards the spray periphery. Droplet dynamics leads to deformation
of the velocity profile with increasing axial distance. Influence of the ambient air leads
to significant deceleration of drops with increasing distance from the nozzle orifice. For
inlet pressures above 340 kPa, Parker nozzle generates a hollow-cone spray (Figs. 6.7d
and 6.7e). Although the spray core is formed by a large number of small drops, due to
their small volume represents the mass flux in the central area only a fraction of the total
mass flux in the axial direction.
Mono PIV 60 mm
This measurement was carried out for all operating regimes. It resolves with sufficient
quality the whole field of view providing detailed flow topography. Results of this mea-
surement are presented in Fig. 6.6 and Fig. 6.7.
Mono PIV 28 mm
This measurement focused on the comparison of the spill-controlled regimes of the PBS
nozzle with the corresponding regimes of the Parker nozzle without spill-return. Thanks
to shorter particle image displacements (lower image magnification and shorter ∆t than
in previous measurement), this measurement results in higher accuracy of the velocity
vector fields. Results of this measurement are shown in Fig. 6.8.
SPIV 1
Stereoscopic measurement in this configuration was carried out for all operating regimes,
however only the corresponding regimes of the both nozzles for 200 kPa and 1000 kPa
inlet pressure are presented. It can be seen that the area close to the nozzle orifice was
not evaluated. The loss of correlation was found to be caused by the differences in light
intensity in the image pairs and larger particle image displacements. Results of this
measurement are shown in Fig. 6.9.
SPIV 2
This measurement was carried out as the last one, taking into account findings from the
previous measurements. It again focused only on the corresponding regimes of the both
nozzles at 200 kPa and 1000 kPa inlet pressure. Thanks to higher number of instantaneous
velocity vector fields (see Tab. 5.2), the averaged fields are evaluated with high accuracy
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also in the area close to the nozzle orifice. Results of this measurement are shown in
Fig. 6.11.
(a) PBS 150. (b) PBS 200_50.
(c) PBS 340. (d) PBS 690.
(e) PBS 1000. (f) PBS 1000_400.
Figure 6.6.: PBS nozzle velocity magnitude.
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(a) Par 150. (b) Par 200.
(c) Par 340 (d) Par 690.
(e) Par 1000.
Figure 6.7.: Parker nozzle velocity magnitude.
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(a) Par 200. (b) Par 1000.
(c) PBS 200_50. (d) PBS 1000_400.
Figure 6.8.: Velocity magnitude – Mono PIV 28 mm.
(a) Par 200. (b) Par 1000.
Figure 6.9.: Velocity magnitude – SPIV 1.
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(a) PBS 200_50. (b) PBS 1000_400.
Figure 6.10.: Velocity magnitude – SPIV 1.
(a) Par 200. (b) Par 1000.
(c) PBS 200_50. (d) PBS 1000_400.
Figure 6.11.: Velocity magnitude – SPIV 2.
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6.2.2. Out-of-plane Velocity Component
Stereoscopic PIV measurements were carried out in order to investigate the extent to
which the out-of-plane velocity component influences the velocity magnitude and velocity
fluctuations when compared to the results obtained with single-camera results. Estimates
of the tangential velocity components obtained from SPIV configuration 2 are shown in
Fig. 6.12. Tangential velocity component of droplets is expected to attain the highest val-
ues downstream after the breakup of the liquid sheet when the droplets are still driven by
the angular momentum of the swirling liquid. This behaviour was confirmed by our mea-
surements. Spray droplets at the spray periphery in a short distance from the discharge
orifice exhibit a tangential displacement in respect to the spray axis. However, influence
of this velocity component on the velocity magnitude seems to be of low significance since
the estimated tangential velocity was of one order of magnitude lower than the axial ve-
locity component in this region of the spray cone. With increasing downstream distance,
tangential velocity was close to zero. Profiles of the out-of-plane velocity component for
different z-values (downstream distance from the nozzle orifice) are shown in Fig. 6.14 and
Fig. 6.13.
(a) Par 200. (b) Par 1000.
(c) PBS 200_50. (d) PBS 1000_400.
Figure 6.12.: Out-of-plane velocity component in SPIV 2 measurements.
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Data for the Parker nozzle indicates that at 200 kPa inlet pressure, maximum tangential
velocity is reached close to the z-axis. PBS nozzle at the same inlet pressure reaches
one local maximum close to the z-axis and the global maximum at the spray periphery.
At 1000 kPa inlet pressure, both nozzles exhibit similar tangential velocity profiles. The
maxima are reached at the spray periphery; they gradually decrease with increasing z-
values and shift towards higher radial distances.
(a) Par 200.
(b) Par 1000.





Figure 6.14.: Out-of-plane velocity component profiles – PBS nozzle.
6.2.3. Comparison of Velocity Profiles
Comparison of the velocity profiles at various z-values downstream from the nozzle has
revealed that data measured with SPIV 2 are shifted towards higher values (Fig. 6.15,
Fig. 6.16 and Fig. 6.17). This complies with the fact, that tangential velocity component
is lost in single-camera PIV due to the perspective error. In contradiction to SPIV 2,
configuration SPIV 1 in average gave lower velocity values than the other three settings.
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(a) PBS 200_50; z = 20 mm. (b) PBS 1000_400; z = 40 mm.
(c) PBS 1000_400; z = 20 mm. (d) PBS 1000_400; z = 40 mm.
Figure 6.15.: Velocity profiles – PBS nozzle.
(a) Par 200; z = 20 mm. (b) Par 200; z = 40 mm.
Figure 6.16.: Velocity profiles – Parker nozzle.
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(a) Par 1000; z = 20 mm. (b) Par 1000; z = 40 mm.
Figure 6.17.: Velocity profiles – Parker nozzle.
This might have been either due to the loss of correlation due to unequal light intensity
in the image pairs, as mentioned in sec. 6.2.1, and due to acquisition settings (∆t, field
of view). A relatively high residual error of this setting resulted in rejection of significant
portion of reconstructed 3C vectors in area close to the nozzle orifice. Anyway, this
configuration is potentially interesting since both cameras are aligned in the forward
scattering mode (lens apertures can be set identically).
6.2.4. Measurement Uncertainty
The measurement uncertainty is expressed in terms of total standard deviation σtot, which
represents the fluctuations in the measured instantaneous velocity vectors. Another in-
dicator of the vector field quality is the vector count. It is the number of instantaneous
velocity vectors in a given grid point which are used for the calculation of the average
field. The lowest σtot and the highest vector count for all measurements and regimes was
found in the spray core.
(a) Mono 60 mm. (b) Mono 28 mm.
Figure 6.18.: Total standard deviation – Par 1000.
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(a) SPIV 1. (b) SPIV 2.
Figure 6.19.: Total standard deviation – Par 1000.
High seeding density, lower particle image size and low velocity gradients in this area
result in low measurement uncertainty. On the contrary, spray periphery and area close
to the nozzle orifice were found to be problematic for a standard PIV analysis. The highest
overall accuracy among the PIV configurations was reached in the mono PIV configuration
with 28 mm lens (Figs. 6.18b, 6.20b). σtot in stereoscopic configurations is principally
higher due to the contribution of the out-of-plane velocity component. However, SPIV
configuration 2 gives satisfactory results with lower σtot and higher vector count than in
the mono PIV measurement with 60 mm lens. SPIV configuration 1 resulted in poor
correlation and high σtot for some operating regimes mainly in the upper part of the flow
field (Fig. 6.23). This higher measurement uncertainty can be explained by the correlation
loss due to differences in light intensity in the image pairs and larger particle image
displacements. Also, for particles larger than the optimum diameter deff the measurement
uncertainty increases as the particle image diameter increases [39].
(a) Mono 60 mm. (b) Mono 28 mm.
Figure 6.20.: Total standard deviation – PBS 1000_400.
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(a) SPIV 1. (b) SPIV 2.
Figure 6.21.: Total standard deviation – PBS 1000_400.
(a) Mono 60 mm. (b) Mono 28 mm.
(c) SPIV 1. (d) SPIV 2.
Figure 6.22.: Vector count – Par 1000.
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(a) Mono 60 mm. (b) Mono 28 mm.
(c) SPIV 1. (d) SPIV 2.
Figure 6.23.: Vector count – PBS 1000_400.
(a) Rectangular grid. (b) Deformation grid.




Deformation processing allowing larger velocity displacements within the interrogation
spot was applied to mono PIV measurements with 60 mm lens (sec. 5.3.2).Comparison of
the velocity profiles obtained with the deformation grid and rectangular grid is shown in
Fig. 6.25. Deformation processing gave almost identical results in terms of velocity magni-
tude, however, vector count in the problematic areas was markedly improved (Fig. 6.24).
(a) Par 1000.
(b) PBS 1000_400.
Figure 6.25.: Comparison of deformation grid (DG) and rectangular grid (RG) for dif-
ferent z-values.
6.2.6. Remarks to Application of PIV in Sprays
In the beginning of this chapter it was mentioned that sprays represent an optically
harsh environment for PIV due to inhomogenities in particle size, concentration and
velocity gradients. Excessive velocity gradients contribute to in-plane and out-of-plane
loss of correlation. This phenomenon is most significant at the spray periphery. This
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area is formed by ligaments and large droplets with high kinetic energy. Results of PIV
measurements show that the best seeding quality was achieved in the spray core at higher
pressures.This area is formed by a fraction of the smallest droplets with low velocity.
In Fig. 6.1 and Fig. 6.2 we can see that the particle concentration appears to be very high
in the region right downstream the outlet under the breakup location (10 mm along the
axis): this area appears to be almost saturated. Therefore, velocity reconstruction by PIV
in this area is not reliable. Velocity field in this area can be determined by Laser Speckle
Velocimetry (LSV), as performed by Santangelo [29]. The main difference between PIV
and LSV is basically in seeding concentration: speckle patterns are recorded in the high-
density region and a suitable correlation is applied to determine the map of the velocity
field.
Another problematic region of a pressure-swirl spray is the spray periphery. This area
is formed by droplets with the largest diameters and highest velocity. It was also found
that this is the area of largest out-of-plane motion of droplets, which can cause loss of
correlation. PDA measurements confirm the correlation of particle velocity with drop-
size and thus in an interrogation window velocity of particles with different diameters can
vary. PIV assumes that all particles in an IA have basically the same velocity. In case of
high correlation between particle velocity and size, it is desirable to use Particle Tracking
Velocimetry (sec. 3.2.3) algorithm for tracking the movement of individual particles after
filtering out the smaller ones in the capture.
From the applied PIV configurations and processing settings, the best results were ob-
tained in the mono PIV configuration with the 28 mm lens and in SPIV configuration 2
with the same lens. This was achieved mainly thanks to smaller deff and shorter pulse
separation times. A certain improvement in terms of vector count in the averaged velocity
field was achieved with the deformation grid processor. However, this processing setup
requires approx. 2-3 times longer processing time compared to the 2-pass rectangular grid
processor.
Another option how to improve the outcome is the multi-zone processing: field of view is
divided into smaller regions, in which a different size of interrogation area is used according
to the velocity gradients and particle diameters. In these regions, window offset can be
chosen according to the mean particle displacement in the paired images [3].
6.3. PDA
PDAmeasurements of SMD and the axial droplet velocity taken at z = 50 mm downstream
from the nozzle orifice are presented in this subsection. In our particular interest were the
results of the spill-controlled regimes of the PBS nozzle compared to the regimes without
spill return. Comparing the axial droplet velocity in regime PBS 200_50 and PBS 150, a
slight decrease can be observed for the former regime (Fig. 6.27a). This is caused by the
lower kinetic energy of droplets generated in this regime. With increasing inlet pressure up
to 700 kPa, SMD values decrease significantly in the centre. Further increase in pressure
has only a little effect on SMD. However, in the spill-controlled regime PBS 1000_400
we can see that the SMD of droplets in the centre drops below the SMD values in regime
PBS 1000. Droplet velocity for PBS 1000_40 drops markedly below the values in PBS
1000. Increase of spray cone angle causes that the velocity maxima in this regime are
shifted to farther radial distances from the centre (Fig. 6.26a).
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(a) PBS. (b) Parke.
Figure 6.26.: Axial velocity; z = 50 mm.
(a) PBS. (b) Parker.
Figure 6.27.: Sauter mean diameter; z = 50 mm.
SMD of droplets generated by the Parker nozzle changes significantly with increasing
gauge pressure and radial distance (Fig. 6.27b). For low pressure, particles with the
greatest diameter are concentrated close to the spray axis (area of the greatest mass
flux). For low inlet pressures, droplets reach the highest velocity magnitude in the centre.
With increasing pressure differential, local velocity maxima at the spray periphery are
dominant. These results are consistent with the results of PIV measurements presented




This chapter concludes this document. The first section summarizes the goals whichhave been achieved during the execution of this project. The second section is
devoted to comparison of the behaviour of the tested nozzles.
7.1. Goals
The goals of this thesis as stated in the preface were:
• Study of basic principles of liquid atomization (Chapter 1)
• Design and principles of operation of pressure-swirl atomizers (Chapter 2)
• Study of principles of PDA and PIV techniques (Chapter 3)
• Design and assembly of test bench (Chapter 4)
• Application of PIV and PDA on spray measurements (Chapter 5)
• Analysis of results (Chapter 6)
Fulfillment of these goals required a considerable amount of time over the last 12 months
(especially points 4 to 6). Current state of the test bench is not yet final and is the subject
of development. During the PIV measurements it was found out that the condition of the
PIV laser was far from optimal. Author of this thesis learned the principles of operation
and maintenance and got it into working order, however, the ideal conditions could not be
met by means of setting of the optical arrangement and the laser would require servicing
and replacement of hardware components. Condition of the laser had a negative effect on
quality of PIV images (loss of correlation due to uneven distribution of light intensity in
the laser sheet).
7.2. Nozzle Comparison
In the present thesis, mean size and velocity of droplets generated with two geometrically
different pressure-swirl atomizers for a combustion chamber of a small-sized jet engine
were obtained using two optical diagnostic techniques – Particle Image Velocimetry and
Phase-Doppler Anemometry. The former nozzle (PBS) is a spill-return type and the latter
one is a newly designed simplex nozzle without spill return (Parker). It was observed that
these nozzles generate sprays with different quality and morphology when compared for
the same operating conditions. PBS nozzle generates a hollow cone spray with only
moderate increase in spray cone angle with increasing inlet pressure. Following effects
of spill fuel flow on atomization quality were observed: drop-size distribution in spill-
controlled operating regimes is shifted towards lower values of the Sauter mean diameter;
spray cone angle increases with an increase of the fraction of the fuel spilled from the
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swirl chamber; droplet velocity is lower due to the decrease of the liquid sheet thickness.
Spray characteristics of the Parker were found to be highly dependent on fuel injection
pressure. For lower values below 300 kPa, the nozzle generates a full cone spray with
the liquid mass concentrated in the centre and with increasing pressure changes into a
hollow cone spray. Investigated differences in spray characteristics will most likely cause
different behaviour of the nozzles in the combustion chamber. Different spray geometry,
drop-size and velocity distribution will cause different interaction of the fuel with ambient
air, evaporation rate and subsequent heat release during the combustion process. The new
nozzle will also have different requirements on engine power regulation. It is most likely
that the original combustion chamber optimized for the spill-return nozzle will require
design optimization for the new nozzle.
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SPRAY STRUCTURE OF A PRESSURE-SWIRL ATOMIZER
FOR COMBUSTION APPLICATIONS
Lukas DURDINA, Jan JEDELSKY, Miroslav JICHA
1. INTRODUCTION
Abstract: In the present work, global as well as spatially resolved parameters of a
spray produced by a pressure-swirl atomizer are obtained. Small pressure-swirl 
atomizer for aircraft combustion chambers was run on a newly designed test bench 
with Jet A-1 kerosene type aviation fuel. The atomizer was tested in four regimes
based on typical operation conditions of the engine. Spray characteristics were 
studied using two optical measurement systems, Particle Image velocimetry (PIV) 
and Phase-Doppler Particle Analyzer (P/DPA). The results obtained with P/DPA 
include information about Sauter Mean Diameter of droplets and spray velocity 
profiles in one plane perpendicular to the spray axis. Velocity magnitudes of 
droplets in an axial section of the spray were obtained using PIV. The experimental 
outputs also show a good confirmation of velocity profiles obtained with both 
instruments in the test plane. These data together will elucidate impact of the spray 
quality on the whole combustion process, its efficiency and exhaust gas emissions.
Pressure-swirl atomizers as relatively old type of atomizing devices are nowadays often 
being replaced in many applications by twin-fluid atomizers. But they are still very 
common parts of present combustion systems mainly for low power demands. Their 
popularity is based on simple design and operation without additional expensive devices 
that could lead to unwanted increase of weight in mobile applications and also to 
reduction of reliability, which are important factors not only in aircraft industry. Research 
works focused on improvement of atomization characteristics of the pressure-swirl 
atomizers are persistent despite long-lasting history of their development and utilization 
in many industrial sectors. Today research effort stems from changes in the legislative, 
reflects more frequent usage of less refined fuels and answers requirements for more 
efficient combustion devices.
In general, a swirl-flow of the liquid in a pressure-swirl atomizer is induced by feeding 
the liquid into a swirl chamber through one or several tangential ports, that give it high 
angular velocity, thereby creating an air-cored vortex. In this manner, the air-core blocks 
a part of the nozzle outlet orifice. Under both axial and radial forces emerges the fuel 
through this orifice in the form of a hollow conical sheet. As the sheet expands, its 
thickness decreases and it soon becomes unstable and disintegrates into ligaments and 
then drops in the form of a well-defined hollow-cone spray. Disintegration of the sheet 
depends mainly on the liquid discharge velocity and thus on the liquid injection pressure.
Description of the spray development with increasing injection pressure is presented, for 
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example in [1]. For low-viscosity fuels, the lowest injection pressure for achieving 
atomization using pressure-swirl atomizer is about 0.1 MPa.
Evaluation of the atomization performance is based on the knowledge of spray 
parameters such as spray velocity, spray area, droplet size, distance and uniformity. The
spray velocity depends on the driving pressure, volume flow rate and the nozzle 
geometry. The axial and radial velocity components also affect the spray cone angle and 
the spray range. The most fundamental index for atomization performance evaluation is 
the droplet size. Smaller droplet size positively influences the effect of heat and mass 
transfer and accelerates the chemical reactions.
Lefebvre [1] describes various methods employed in spray characteristics measurement
based on mechanical and electrical principles, which were used before the deployment of 
digital processing. In the recent decades, considerable advances have been made in the 
development of laser diagnostic and imaging techniques for measuring particle size and 
velocity in sprays such as Phase-Doppler Particle Analyzer (P/DPA), Planar Laser Induced 
Fluorescence (PLIF) and Particle Image Velocimetry (PIV). Every technique has its own 
advantages and drawbacks, depending on the application, therefore verification of the 
results obtained with one method by another one is desirable, which is also aim of this 
work.
Several teams deal with pressure-swirl atomizer research by optical methods. Recent 
experimental work is focused on optimization of the spray characteristics. The aim of Chu 
et al. [2] was to support a theoretical model of a pressure-swirl atomizer with 
experiments performed by optical methods. Musemic and Walzel provided an estimation 
of drop size in the region of sheet formation [3]. Muliadi and Sojka [4] compared 
patternation information of a pressure-swirl atomizer derived P/DPA measurements with
values measured using PLIF.
A pressure-swirl atomizer with new design of its internal mixing chamber is intended to 
replace the original atomizer within an update process of a combustion chamber of an 
aircraft engine. Micro- and macroscopic spray characteristics are to be gained as an
important step during the engine innovation process. Combustion chamber adaptation 
and consequent numerical simulations will be based on these data. 
Spray structure of the new atomizer for several typical operational pressures is described 
within the text. Arbitrary results of two optical diagnostic systems, PIV and P/DPA, are 
presented and analyzed.
2. EXPERIMENTAL APPARATUS
The experimental equipment includes pressure-swirl atomizer, cold test bench with fluid 
supply system and mist extraction, Phase/Doppler Particle Analyzer and Particle Image 
Velocimetry. Description of our Dantec 1D P/DPA used for drop size and velocity 
measurements can be found in [5].
Atomizer description and operation
Single fluid pressure-swirl atomizer (Fig. 1) atomizes kerosene into a still ambient air.
The newly designed atomizer is placed into a segment of kerosene feeding line, it is 
continuously operated and studied in the vertical downward position of the main axis
(Fig. 2). The atomized fuel type is Jet A-1 aviation turbine fuel (kerosene type) with 
dynamic viscosity 2 mPa.s, density 810 kg/m3 and surface tension 26 mN/m at room 
temperature [6]. Liquid inlet temperatures, gauge pressure and volumetric flow rate 
were measured. The temperature was kept at 22 ± 2 °C during the experiments. 
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Description of the test bench and the fuel supply system
Fuel supply circuit is mounted into a mobile frame with the footprint of 600x600 mm, 
assembled from industrial aluminium profiles (Fig. 4). This solution offers easy 
transportability and enables quick alteration by fitting the elements to the frame
according to our needs. The circuit consists of a stainless-steel fuel tank from which fuel 
Operational regimes
The nozzle was tested in four regimes with following gauge pressure values: 150 kPa, 
340 kPa, 690 kPa, 1 MPa. These values are based on typical operational conditions of the 
engine, from start and idle to maximum power regime. Required gauge pressure values 
were reached by regulating the pump speed.
3. DATA ACQUISITION AND PROCESSING
Particle Image Velocimetry (PIV) equipment and setup
Particle Image Velocimetry (PIV) serves for planar droplet velocity measurement. A laser 
light sheet of approximately 1 mm thickness was produced by a dual-head pulsed 
Nd:YAG laser (NewWave Research Gemini, 50 mJ per pulse, max. repetition rate 15 Hz) 
conditioned through a cylindrical lens. The light sheet illuminated the spray in the spray 
axis. The image capture system consisted of TSI PIVCAM 13-8 CCD camera (1.3 Mpx) 
fitted with Nikon 14 mm extension tube PK-12 and Nikon 60mm f/2.8D AF Micro-Nikkor
lens.
Figure 1: Section view of an aircraft-
type pressure-swirl atomizer
(Courtesy PBS Velka Bites). 
Figure 2: Photograph of the atomizer 











included in the circuit, linked with copper pipes and Swagelok fittings. The nozzle is
mounted in a traverse holder upright with the outlet orifice directing downwards. Fuel is
sprayed into the collecting vessel and returned by a solid state fuel pump back into the 
fuel tank. In the upper part of the collecting vessel, air extraction is ensured in order to 
remove the fuel vapours and aerosol from the test site (Fig. 3).  
is pumped by a gear pump (LUN 6223.01-8) through the fuel filter to the nozzle. 
Regulator elements, flow meter, pressure sensor and fuel temperature sensor are 
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Camera axis was aligned in perpendicular view with respect to the light sheet (Fig. 5). 
Camera was placed approximately in 1 meter distance from the nozzle orifice, providing 
field of view of about 132.5x106 mm and spatial resolution of the raw frames of 0.103 
mm/px.   
The timing of the PIV system was controlled by a TSI LaserPulse Model 610034 timing 
synchronizer in concert with the acquisition computer (Pentium 4 3,2 GHz HT, 3 GB RAM, 





Figure 3: Schematics of the fuel supply circuit. 1, fuel tank; 2, 
fine fuel filter; 3, gear pump; 4, temperature sensor; 5, control 
valve; 6, rotameter; 7, pressure gauge; 8, atomizer; 9, mist 
extraction; 10, fuel collecting vessel; 11, coarse fuel filter 
(strainer); 12, solid state fuel pump. 
Figure 4: PIV experiment setup.





fuel collecting vessel 
with mist extraction
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PIV processing setup
For the experiment detailed herein, 250 paired images yielding two-dimensional velocity 
fields (u, v) along the plane crossing the spray axis (x, z) were captured for each 










Pre-processing involved background subtraction for each image sequence. Each frame 
was normalized using the minimum and maximum intensity before the correlation 
analysis. For the image processing, ensemble PIV algorithm was selected. The PIV image 
pairs were interrogated using a recursive cross-correlation. For highest accuracy, 
deformation grid was selected. This method processes the image in multiple passes and 
performs image deformation, where the two frames are shifted in opposite directions and 
the total amount of shift should equal to the local velocity. The starting and final spot 
dimensions were selected to 64x64 px and 32x32 px respectively. As correlation engine, 
FFT Correlator was selected, followed by Gaussian peak engine for the peak location in 
the correlation map. The resulting instantaneous velocity fields were then validated using 
mean and median filters followed by Rohaly-Hart analysis [7] in one pass to replace 
invalid vectors, whereas the PIV processor adds the correlation maps from neighbor 
spots on top of the correlation map from current spot to get a good correlation peak in 
the summed correlation map.
4. RESULTS AND DISCUSSION
Spray morphology, influence of the liquid injection pressure
In the figure 5, axial sections of the spray illuminated with a laser sheet are presented. 
At the lowest gauge pressure, 150 kPa, fuel emerges from the nozzle orifice in the form
of a conical liquid sheet, but is contracted by surface tension forces into a closed bubble.
Presented pictures (Fig. 5a, b, c, d) are axial sections of the spray According to the 
established nomenclature [1, 8], this stage is described as the onion stage (Fig. 5a). 
During the film propagation, Kelvin-Helmholtz type of instability together with turbulent 
deformations leads to the primary break-up of the liquid sheet. Spray is very narrow, 
which is given by the nozzle design and also by the collapse of the liquid sheet in a close 
distance from the outlet orifice. Mass flow is then concentrated in the proximity of the 
nozzle axis. No inhomogeneities in liquid concentration are visible. In vertical position of 
the nozzle axis at this pressure, low velocity magnitude and influence of gravity may lead 
to asymmetrical spray formation.
With increasing gauge pressure, liquid sheet bubble opens into a hollow tulip shape 
terminating in a ragged edge, where the liquid disintegrates into drops. Spray cone angle 
increases as well. (Fig. 5b) Increasing kinetic energy and higher pressure differences 
between the emerging fluid and ambient air (Fig. 5c, d) lead to straightening of the liquid 
sheet and diminishing its thickness. The liquid sheet disintegrates into ligaments and 
drops in very short distance from the nozzle orifice in the form of well-defined hollow-
cone spray. At this stage, spray cone angle is defined by the inner geometry of the 
nozzle. Formed drops have higher initial velocity magnitude and thus the range. This 
behaviour complies with other pressure-swirl atomizers [1, 8]. In the figures 5b, c, d is 
evident, that the spray core is formed mainly by smaller drops, and in the radial distance 
drop size increases. 
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In the spray core, more or less distinctive droplet clusters are present, which is the result 
of the interaction between spray and ambient air.   
Description of P/DPA results
P/DPA measurement was performed in the (x,y) plane perpendicular to the nozzle axis in 
25 mm distance from the outlet orifice. 
Sauter mean diameter of droplets D32 (Figure 6) changes significantly with increasing 
gauge pressure and radial distance. For low pressure, particles with the greatest 
diameter are concentrated close to the spray axis (area of the greatest mass flux). With 
increasing gauge pressure, mean drop diameter drops significantly and the difference 
between minimal and maximal D32 increases. For higher pressures, Sauter mean 
diameter values in the axis and on the periphery of the spray vary more than threefold. 
At 150 kPa gauge pressure, droplet size asymmetry is evident, which may be caused by 
the aforementioned collapse of the liquid sheet envelope at lower gauge pressures. We 
assume that this phenomenon is spatially unstable. For low gauge pressures, droplets 
reach the highest velocity magnitude in the spray axis. With increasing gauge pressure 
and thus changing spray characteristics, local velocity maxima are formed in the areas of 
highest mass flux values, i.e. areas of the main flow of droplets generated by the break-
up of the liquid sheet. For high gauge pressures, these maxima become dominant (Fig.
8).
Figure 5: PIV photographs of the spray for different gauge pressures: a, 150
kPa; b, 340 kPa; c, 690 kPa; d, 1 MPa.
a b
c d
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Description of PIV results
Processing of the resultant vector files generated with Insight 3G software package, 
calculation of variables and graphical output were done with the Tecplot 360 2010
software. Velocity magnitudes below 0.1 m/s were cut off from the graphs.
Processed PIV images provide visualization of the droplet velocity magnitude in the whole 
field of view and complement the P/DPA measurement. For the lowest gauge pressure, 
fluid mass is concentrated around the spray axis (Fig. 7a) and the highest velocity 
magnitude is reached in the distance interval z=15..25 mm on the spray axis. This is the 
area exactly under the break-up spot of the liquid sheet bubble. With increasing gauge 
pressure, local velocity maxima in the interconical region at the spray periphery are 
dominant. Droplet dynamics leads to deformation of the velocity profile with increasing 
axial distance. Influence of the ambient air leads to significant deceleration of drops with 
increasing distance from the nozzle orifice. As the figure 7 shows, velocity profile and 
thus liquid mass in the spray cone is unevenly distributed. For gauge pressures 340 kPa 
and higher, we can describe the spray shape as a hollow cone. Although the spray core is 
formed by large number of small drops, due to their small volume is the mass flux in this 
area only a fraction of the whole mass flux perpendicular to the spray axis. With 
increasing gauge pressure, cone angle increases first significantly (Fig. 7a, b) and then 
only moderately (Fig. 7c, d), what is evident from the spray photographs as well.


























Comparison of P/DPA and PIV data
Matching of P/DPA and PIV measurements was examined. Velocity data were extracted 
from the PIV vector files generated with Insight 3G for the coordinates z=25 mm, x= (-
30..30) mm and compared with the P/DPA data. Figures 8 and 9 are showing the P/DPA
and PIV data, respectively. One can see, that in this distance from the nozzle orifice, 
both methods indicate similar values. Differences in the results may be caused by 
different principles, on which these methods are based. Choice of processing setup for 
PIV and different conditions of the ambient may have significant influence as well.
Due to higher number of points in case of PIV measurement, smooth average velocity 
profiles are obtained. However, velocity profiles obtained with P/DPA are more 
symmetrical at higher pressures. 
Figure 7: Spray velocity fields: a, 150 kPa; b, 340 kPa; c, 690 kPa; d, 1 MPa.
a b
c d





















Figure 8: Mean velocity of droplets, P/DPA, z=25 
mm.
























In the present work, characteristics of spray generated with a newly designed pressure-
swirl atomizer for a jet-engine combustion chamber are obtained using two optical 
diagnostic methods – Particle Image Velocimetry and Phase/Doppler Particle Analyzer. 
Significant changes of spray characteristics for lower gauge pressures (150 kPa, 340 kPa) 
and less significant for higher gauge pressures (690 kPa, 1 MPa) were observed. Liquid 
mass is concentrated around the spray axis for lower gauge pressures. For higher gauge 
pressures, local velocity and mass flow maxima in the interconical region at the spray 
periphery are dominant, forming a hollow-cone spray.
Certain agreement of droplet velocity profiles obtained from both instruments for 25 mm 
distance from the outlet orifice is evident from the presented graphs. 
Detailed PIV measurements will be performed in the next phase of our research. Spray 
images will be captured in various areas of the spray in closer distance from the nozzle 
with different processing settings according to the droplet velocity in each area. 
Stereoscopic PIV measurement will be performed as well. 
PC-based data gathering system of pressure, flow rate and temperature values and fuel 
pre-heating/cooling device will be added to the presented test bench in a short time. 
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Abstract 
This study investigated characteristics of sprays generated with two geometrically different pressure-swirl atom-
izers for a small-sized aviation turbine engine using Particle Image Velocimetry (PIV) and Phase-Doppler Ane-
mometry (PDA). The former nozzle is a spill-return type; the latter one is the intended upgrade without the spill 
return. Single-camera and stereoscopic PIV measurements yield distribution of mean velocity measured in an 
axial cross section of the spray cone. PDA measurements yield drop-size distribution and axial velocity data. 
Performed measurements revealed significant differences in spray characteristics of the measured nozzles inves-
tigated in the same operating regimes on a cold test bench. These differences are discussed in detail. Analysis of 
differences between the two nozzles elucidates the possible impact of the nozzle replacement on the combustion 




Research and development of aerospace propulsion systems has been recently strongly motivated by the 
ACARE goals of environmental capability. European aviation has pledged to reduce NOx emissions by 80% by 
2020 via improvements of the combustor technology [1]. Characteristics of fuel nozzles, such as the spray dis-
persion angle, drop-size and velocity distribution and evaporation have a significant influence on the combustor 
performance. Spray quality affects stability limits, combustion efficiency and pollutant emission levels. Good 
atomization quality promotes the fuel evaporation and decreases the demand of ignition energy [2].  
Pressure-swirl atomizers (simplex atomizers) are widely used in industrial and domestic burners, rocket en-
gines, gas turbine combustors and many other engineering areas thanks to their simple design, low power de-
mands and good atomization characteristics. 
The operating principle of pressure-swirl atomizers relies on the conversion of liquid pressure into kinetic 
energy to achieve high relative velocity between the liquid emerging from a nozzle with respect to the surround-
ing gas. Inside the nozzle, liquid is fed through tangential ports into a swirl chamber mounted upstream the dis-
charge orifice. The swirling liquid flow under the action of the centrifugal force creates and air-cored vortex in 
the swirl chamber. The liquid flows through the discharge orifice and spreads in the form of a conical liquid film. 
This thin layer of liquid is prone to propagation of instabilities within the liquid as well as on the liquid surface, 
which are caused by the high slip velocity between the liquid sheet and the ambient gas. The instabilities cause 
the breakup of the liquid sheet into ligaments and then into drops in the form of a hollow cone spray. Further 
disintegration of drops into smaller droplets occurs further downstream from the nozzle orifice and is driven by 
the collision between droplets and the action of aerodynamic forces [3]. 
A drawback of the simplex nozzles is the poor atomization quality for low inlet pressures. This disadvantage 
has been overcome by the spill-return nozzles, which basically are simplex nozzles with a passage in the rear 
wall of the swirl chamber (Fig. 2). This passage is connected via a spill line with the fuel tank. When the spill is 
closed, the atomizer operates as a standard simplex nozzle. Usually a high liquid flow rate is maintained in the 
feed line; the amount of the discharged liquid is controlled by a valve located in the spill line. Studies have 
shown that the liquid sheet thickness and the size of droplets that emerge after its breakup decrease with increas-
ing inlet flow rate and do not depend on the flow rate of the discharged liquid. Spill-return atomizers have better 
atomization quality than simplex nozzles for low discharge flow rates, when the major fraction of the inlet flow 
rate is diverted to the spill return. However, the spray cone angle varies with the changes in spill-return flow rate 
which has a negative influence on combustion efficiency. Another drawback is the complicated metering of the 
flow rate. For these reasons, interest in this atomizer type for aircraft engine combustors has declined [2].  
The investigation of spray characteristics and performance of simplex nozzles has been the objective of a 
number of studies over the last decades. Pioneering studies of the liquid film instabilities and breakup of liquid 
sheets generated by swirl atomizers were performed by Taylor [4] and Squire [5]. Rizk and Lefebvre [6, 7] stud-
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Figure 1 Test rig: (1) fuel tank, (2) filter, (3) gear pump, (4) needle valve, (5) 
mass flow meter, (6) pressure sensor, (7) temperature sensor, (8) atomizer in a 
holder, (9) collecting vessel, (10) axial fan and mist extraction, (11) ball 
valve, (12) rotameter, (13) fuel pump. 
ied internal flow and spray characteristics of pressure-swirl atomizers. Wang and Lefebvre [8, 9] further studied 
mean drop sizes and influence of ambient air pressure on pressure-swirl atomization. More recent experimental 
studies have focused on the improvement of spray characteristics using advanced laser diagnostic techniques, 
such as Phase-Doppler Anemometry (PDA) [10-12] and Laser Induced Fluorescence (LIF) [13, 14], and high-
speed camera measurements [15]. 
Spill-return nozzles have been investigated in a smaller scale than simplex nozzles. An early implementation 
of a fuel system for a jet engine with spill control was described by Carey [16]. Rizk and Lefebvre [17, 18] in-
vestigated spray characteristics and drop-size distribution of spill-return nozzles with kerosene as the test liquid.    
Most recently, Nasr et al. [19] has developed a new spill-return atomizer which can produce a fine spray for very 
low flow rates. 
 The present study is completely experimental. Measurements of droplet size and velocity distribution were 
carried out by means of laser diagnostic techniques – Particle Image Velocimetry (PIV) and PDA. The objective 
was to investigate the spray characteristics of two miniature pressure-swirl atomizers for a small-sized jet engine 
designed for experimental aircraft and gliders. The former nozzle (Nozzle 1) is a spill-return type which had 
been used for several decades. The latter one is the intended upgrade in the form of a newly developed simplex 
nozzle without spill return (Nozzle 2). Analysis of the differences between these two nozzles elucidates the pos-
sible impact of the nozzle replacement on the combustion process. This study provides an extensive database for 




The apparatus for investigation of spray characteristics is shown schematically in Figure 1. Aviation kero-
sene Jet A-1 was pumped from a tank through the mass flow meter Siemens Mass 2100 and was injected verti-
cally into the ambient air at room temperature and atmospheric pressure. The nozzle was mounted in a holder 
above a cylindrical collecting vessel with mist extraction. The nozzle holder was equipped with a shut-off valve 
for the spill line. Flow rate and gauge pressure in the spill line were controlled with a rotameter equipped with 
 
a fine metering valve. Collected fuel was pumped by a solid state pump back into the tank. Dashed lines leading 
from the instruments represent signal outputs for the remote data display. The nozzles were tested at several 
inlet- and spill line pressure settings. These pressure values are in accordance with the real operating conditions 
in the engine combustor from idle to maximum power setting (Tab. 1). 
 
Table 1 Operating regimes of the tested nozzles. 
Regime 
no. 
Nozzle 1 Nozzle 2 
Inlet pressure [kPa] Spill line pressure [kPa] Inlet pressure [kPa] 
1 200 50 200 
2 340 0 340 
3 690 0 690 
4 1000 0 1000 
5 1000 400 - 
Figure 2 Section view of the spill-
return nozzle (Nozzle 1). 
discharge 
orifice 




Drop size and velocity were measured using a 1D Dantec PDA system. This 1D system is equipped with the 
Ion Laser Technology 5500A-00 Ar-Ion+ laser (max. power output 300 mW). The spectral line 514.5 nm of the 
CW-laser beam with power up to 40 mW and horizontal polarization is split, using the 58N10 transmitting op-
tics, into 2 parallel beams 60 mm distant. The focal length of the transmitting lens is 500 mm, which results in a 
half-intersection angle between the beams of 3.43°. The frequency of one of the beams is shifted by 40 MHz. 
This configuration leads to a fringe separation of 4.3 µm. First-order refracted light is collected using Dantec 
57X10 receiving optics equipped with three photo-detectors. The focal length of the receiving lens is 500 mm 
and the scattering angle φ was set to 69°. The setup enables us to measure the drop size up to 220 µm. A Dantec 
58N50 signal processor was set to measure velocity within the range of -26 to 26 m/s at 12 MHz bandwidth. The 
obtained data were evaluated using BSA Flow Software v2.1. Experimental setup for the P/DPA measurements 
is shown in Fig. 3. Radial scans of the spray profiles were carried out in two planes – 25 and 50 mm downstream 
of the discharge orifice with 10 mm distance between the measurement points. 
Planar single-camera and stereoscopic PIV systems from TSI (Fig. 4) were used for measurements of the ve-
locity distribution and evaluation of the statistical properties of the flow field. A vertical laser light sheet of ap-
proximately 1 mm thickness is produced by a double-pulse Nd:YAG laser (NewWave Research Gemini, 50 mJ 
per pulse, max. repetition rate 15 Hz) conditioned through a cylindrical lens. The light sheet illuminated an axial 
cross section of the spray. In case of the single-camera system, a CCD camera is oriented perpendicular to the 
light sheet and the processed data yields 2-component velocity field. In the stereoscopic configuration, cameras 
were placed on the same side of the light sheet (back- and forward light scatter) with the full stereoscopic view-
ing angle 2θ = 80°. This angle provides sufficient accuracy for the estimation of the out-of-plane velocity com-
ponent [20]. Data processing of the stereoscopic measurements yields 3-component velocity vector field. Timing 
of the PIV system is controlled by a TSI LaserPulse synchronizer in concert with an acquisition computer. The 
PIV images were acquired and processed by TSI Insight 3G 10.0 software package. For each experimental run, 
1000 paired images were captured and subsequently interrogated using a recursive cross-correlation algorithm. 
The first pass and second pass spot sizes were 64 x 64 px and 32 x 32 px respectively. Each of the experimental 
runs, differing in the inlet pressure, required different time delay between laser pulses (from 20 to 50 µs) in order 
Figure 4 Experimental setup for the PIV measurements. 
Figure 1 Experimental setup for the PDA measurements. 
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to minimize the out-of-plane motion of particle images between the paired captures, as well as the in-plane loss 
of correlation due to large particle displacement at higher velocities.      
 
 
Results and Discussion 
Figure 5 shows axial sections of the sprays generated by both nozzles for each operating regime; these pho-
tographs were obtained from the single-camera PIV measurements. Figures 5a to 5e concern Nozzle 1, whereby 
figures 5a and 5e show the regimes with the spill return valve open. Figures 5f to 5i concern Nozzle 2.  
It can be observed that Nozzle 1 generates a noticeable fraction of large drops dispersed in the whole spray 
cone at lower inlet pressures (Fig. 5a to 5c). Figure 5a shows the conical liquid sheet emerging from the nozzle 
orifice. This tulip shape terminates in a ragged edge where the fuel disintegrates into ligaments and droplets. 
With increasing pressure differentials, spray core is formed by smaller droplets due to the drag force caused by 
gas entrainment towards the spray core and larger droplets can be observed at the spray periphery (Fig. 5c, 5d). 
Comparing figures 5d and 5e, we can see that the increase in spill flow decreases the droplet size in the spray 
core. This is due to the decreasing thickness of the liquid sheet. Flow rate regulation via the spill return valve 
also causes changes in spray cone angle. Cone angles described here were measured as the maximum cone angle 
2θ, defined as the angle between the slopes of the liquid sheet close to the discharge orifice [3]. Cone angles 
were estimated from averaged PIV captures shown in Figure 6 and are summarized in Table 2. Increase in spray 
cone angle is noticeable at both tested regimes with spill flow regulation compared to the regimes with closed 
spill return (Fig 5a, 5e). Nozzle 1 exhibits a slight increase in spray cone angle with increasing gauge pressure 
until the inlet pressure reaches approx. 600 kPa. Higher increase in pressure does not cause further increase in 
cone angle; thus the cone angle is defined by the internal geometry of the nozzle.   
Nozzle 2 exhibits a strong dependence of spray characteristics on the pressure differential. At the lowest 
tested gauge pressure (Fig. 5f), liquid sheet is contracted by the surface tension force and forms an onion-shaped 
bubble which collapses close to the spray axis. Therefore, drops are concentrated around the spray axis, creating 
a full cone spray. With increasing kinetic energy and pressure differential liquid sheet straightens and diminishes 
Figure 5 Spray visualizations: a) N1 200/50 kPa; b) N1 340 kPa; c) N1 690 kPa; d) N1 1000 kPa; e) N1 1000/400 kPa; f) 
N2 200 kPa; g) N2 340 kPa; h) N2 690 kPa; i) N2 1000 kPa. 
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its thickness. The liquid sheet disintegrates into ligaments and drops in a very short distance from the nozzle 
orifice in the form of a well-defined hollow-cone spray (Fig. 5h, 5i). This behaviour is consistent with other 
simplex nozzles described in the literature [3, 6–9]. Inspection of Figs. 5g to 5i indicates that the spray core is 
formed by smaller droplets, and in the radial distance droplet size increases. Droplet clusters can be seen in the 
spray core as the result of the interaction of droplets with the ambient air. Cone angle increases at first rapidly 
with increasing inlet pressure. At inlet pressure values above 600 kPa, cone angle increases slowly towards its 
final value defined by the internal geometry (reached at around 1 MPa).     
 
 




Nozzle 1 Nozzle 2 
1 80° (a) 60° (f) 
2 74° (b) 78° (g) 
3 76° (c) 86° (h) 
4 76° (d) 88° (i) 








Figure 6 Averaged PIV captures for spray cone 
angle measurement.  
Figure 7 Velocity magnitudes: a) N1 200/50 kPa; b) N1 340 kPa; c) N1 690 kPa; d) N1 1000 kPa; e) N1 1000/400 
kPa; f) N2 200 kPa; g) N2 340 kPa; h) N2 690 kPa; i) N2 1000 kPa. 
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Processed PIV captures provide visualization of the droplet velocity magnitude in the whole field of view  
(Fig. 7). Labelling of the various regimes corresponds to the labelling in Figure 5 and 6. Velocity distribution in 
the spray generated by Nozzle 1 indicates a hollow cone formation from the low inlet pressure up to the maxi-
mum pressure setting. In the spill-controlled regime, Nozzle 1 generates finer droplets, which due to their lower 
kinetic energy decelerate in a short distance downstream from the discharge orifice (Fig. 7a). Sprays generated in 
the regimes 2–4 have similar spatial velocity distribution, differing in the velocity magnitude in the proximity of 
the nozzle orifice (Fig. 7b–7d). As we can see in Figure 7e, spray generated in the spill-controlled regime at 
1000 kPa inlet pressure exhibits lower velocity magnitude of droplets than the regime without spill return at the 
same inlet pressure, what is related to the lower thickness of the liquid sheet and thus the smaller droplets. 
Velocity magnitude distribution in sprays generated by Nozzle 2 shows a significant dependence on the inlet 
pressure for regimes 1 and 2 (Fig. 7f, 7g). For the lowest pressure, fluid mass is concentrated around the spray 
axis; high velocity region is located under the break-up spot of the liquid sheet bubble. With increasing gauge 
pressure, spray mass shifts towards the spray periphery. Droplet dynamics leads to deformation of the velocity 
profile with increasing axial distance. Influence of the ambient air leads to significant deceleration of drops with 
increasing distance from the nozzle orifice. For inlet pressures above 340 kPa, Nozzle 2 generates a hollow-cone 
spray. Although the spray core is formed by a large number of small drops, due to their small volume represents 
the mass flux in the central area only a fraction of the total mass flux in the axial direction. With increasing 
gauge pressure, cone angle increases first significantly (Fig. 7f, 7g) and then only moderately (Fig. 7h, i), what is 






Stereoscopic PIV measurements were carried out in order to investigate the extent to which the out-of- plane 
velocity component influences the velocity magnitude and turbulence when compared to the results obtained 
with single-camera results. For the purpose of this paper, comparison of the velocity magnitudes and estimates of 
the tangential velocity components obtained from stereoscopic PIV are shown in Figure 8. In this figure, we can 
find a comparison of the velocity magnitudes (8a, 8c) and the out-of-plane velocity components (tangential ve-
locity components) for Nozzle 1 in operating regime 5 and Nozzle 2 in operating regime 4. It can be seen that the 
velocity distribution in Fig. 8a and 8c corresponds to the single-camera results presented in Fig. 7. Tangential 
velocity component of droplets is expected to attain the highest values downstream after the breakup of the liq-
uid sheet when the droplets are still driven by the angular momentum of the swirling liquid. This behaviour was 
confirmed by our measurements (Fig. 8b, 8d). Spray droplets at the spray periphery in a short distance from the 
discharge orifice exhibit a tangential displacement in respect to the spray axis. However, influence of this veloci-
ty component on the velocity magnitude seems to be insignificant since the estimated tangential velocity was of 
Figure 8 Velocity vector fields obtained from the stereoscopic PIV: a) N1 1000/400 kPa, velocity magnitude; b) N1 
1000/400 kPa, out-of-plane velocity component estimate; c) N2 1000 kPa, velocity magnitude; b) N2 1000 kPa, out-of-
plane velocity component estimate.  
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one order of magnitude lower than the axial velocity component in this region of the spray cone. With increasing 
downstream distance, tangential velocity was close to zero.  
Figures 9–12 give the results of PDA measurements of Sauter mean diameter (SMD) and the axial droplet 
velocity taken at z = 50 mm downstream from the nozzle orifice. In our particular interest were the results of the 
spill-controlled regimes of Nozzle 1 compared to the regimes without spill return. Comparing the axial droplet 
velocity at 200/50 kPa and 150 kPa, a slight decrease can be observed for the former regime. This is caused by 
the lower kinetic energy of droplets generated in this regime. With increasing inlet pressure up to 700 kPa, SMD 
values decrease significantly in the centre. Further increase in pressure does not affect SMD significantly. How-
ever, in the spill-controlled regime 1000/400 kPa we can see that the SMD of droplets in the centre drops below 
the SMD values at 1000 kPa. Droplet velocity at 1000/400 kPa drops markedly below the values at 1000 kPa. 
Increase of spray cone angle causes that the velocity maxima in this regime are shifted to larger radial distances 
from the centre (see Fig. 10). 
SMD of droplets in case of Nozzle 2 changes significantly with increasing gauge pressure and radial dis-
tance (Fig. 11). For low pressure, particles with the greatest diameter are concentrated close to the spray axis 
(area of the greatest mass flux). For low inlet pressures, droplets reach the highest velocity magnitude in the 
centre. With increasing pressure differential, local velocity maxima at the spray periphery are dominant. 
These results are consistent with the results of PIV measurements presented above. It can be seen that both 
nozzles exhibit a different behaviour with changes in pressure differential.     





Summary and Conclusions 
In the present work, mean size and velocity of droplets generated with two geometrically different pressure-
swirl atomizers for a combustion chamber of a small-sized jet engine are obtained using two optical diagnostic 
techniques – Particle Image Velocimetry and Phase-Doppler Anemometry. The former nozzle (Nozzle 1) is a 
spill-return type and the latter one is a newly designed simplex nozzle without spill return (Nozzle 2). It was 
observed that these nozzles generate sprays with different quality and morphology when compared for the same 
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Figure 9 Nozzle 1; Sauter mean diameter. Figure 10 Nozzle 1; axial velocity. 
Figure 11 Nozzle 2; Sauter mean diameter. Figure 12 Nozzle 2; axial velocity. 
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with increasing inlet pressure. Following effects of spill fuel flow on atomization quality were observed: drop-
size distribution in spill-controlled operating regimes is shifted towards lower values of the Sauter mean diame-
ter; spray cone angle increases with an increase of the fraction of the fuel spilled from the swirl chamber; droplet 
velocity is lower due to the decrease of the liquid sheet thickness. Spray characteristics of Nozzle 2 were found 
to be highly dependent on fuel injection pressure. For lower values below 300 kPa, the nozzle generates a full 
cone spray with the liquid mass concentrated in the centre and with increasing pressure changes into a hollow 
cone spray. Investigated differences in spray characteristics will most likely cause different behaviour of the 
nozzles in the combustion chamber. Different spray geometry, drop-size and velocity distribution will cause 
different interaction of the fuel with ambient air, evaporation rate and subsequent heat release during the com-
bustion process. The new nozzle will also have different requirements on engine power regulation. It is most 
likely that the original combustion chamber optimized for the spill-return nozzle will require design optimization 
for the new nozzle.       
Further research will focus on optimization of the PIV measurements and application of advanced pro-
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Abstract This contribution presents an experimental investigation of spray characteristics of a spill-return 
pressure-swirl atomizer for a small-sized turbojet engine by means of Particle Image Velocimetry. The 
nozzle was tested on a cold test bench at atmospheric pressure and room temperature. Measurements 
were carried out in an axial section of the spray cone with various single-camera and stereoscopic PIV 
configurations. Results of our measurements provide a quantitative visualisation of the spray flow fields in 
regimes based on the engine operating conditions. Comparison of velocity profiles obtained from the 
individual configurations is presented and discussed.    
1 Introduction 
Pressure-swirl atomizers are simple and reliable atomizing devices which have been applied in 
industrial burners, propulsion systems and many other engineering areas. Their common 
feature is the formation of a thin conical liquid sheet at the discharge orifice which spreads 
under a certain angle due to centrifugal forces. Disturbances propagating on the surface of this 
sheet cause its disruption into ligaments and finally into droplets in the form of a hollow cone 
spray. Current research interests have been focused on the improvement of spray 
characteristics of fuel nozzles since spray quality has a crucial effect on combustion stability 
limits, combustion efficiency and pollutant emission levels [1]. 
PIV is a technique with high spatial resolution allowing measurement of velocity distribution and 
visualisation of structures in a section of the flow field. Its application to sprays is less common 
than e.g. Phase-Doppler Anemometry and it is rather a challenging task. Some studies by 
means of PIV dealt with measurements of the internal spray structure [2] and interaction of the 
spray with ambient air [3].  
The objective of this study was to investigate the spray characteristics of a miniature spill-return 
pressure-swirl atomizer for a small-sized jet engine designed for experimental aircraft and 
gliders (discharge orifice do = 0.36 mm, spill orifice dspill = 1 mm; a sketch can be found in [4]). 
The investigation of spray characteristics of this nozzle is an important step in the engine 
development process. Single-camera PIV and stereoscopic PIV (SPIV) measurements were 
carried out in various configurations. Comparison of mean velocity distribution for selected 
operating regimes is presented and discussed. 
2 Experimental methods 
2.1 Test rig  
The test rig for studying spray characteristics comprised a cylindrical collection vessel (approx. 
80 cm long and 50 cm in diameter) mounted on a stand with its axis in the vertical position. The 
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atomizer was located centrally approx. 20 cm above the vessel. The nozzle discharge orifice 
was oriented vertically downwards. The atomized kerosene gravitated to the bottom of the 
vessel, from where it was returned to the fuel tank. The atomizer was tested for various inlet 
pressures (150 kPa – 1 MPa) and spill line pressures based on the typical engine operating 
regimes. In this contribution, two regimes are presented: 200 kPa inlet pressure with 50 kPa 
spill line pressure (called “regime 1” hereafter) and 1 MPa inlet pressure with 400 kPa spill line 
pressure (called “regime 2” hereafter). 
2.2 Data acquisition 
A light sheet generated by a Nd:YAG double-pulse laser illuminated an axial cross section of 
the spray. Single-camera measurements were carried out first with a 60 mm macro lens (field of 
view 77 x 62 mm); the latter measurement incorporated a 28 mm lens for a larger field of view 
(162 x 130 mm). The camera was oriented perpendicular to the plane of the light sheet (Fig.1). 
Both SPIV configurations were symmetrical with the stereoscopic half angle  set to 40°, which 
should provide a sufficient accuracy for the measurement of the out-of-plane velocity 
component [5]. The 28 mm lens was used also for SPIV 1 (FOV 162 x 126 mm) and 60 mm 
lens in case of SPIV 2 (FOV 106 x 60 mm). All CCD cameras were of the same model with 1.3 
Mpx resolution. Time delay t between laser pulses was set according to the mean particle 
image displacements from 50 µs at the lowest pressure setting to 15 µs at the highest one.  
2.3 PIV processing setup 
Image pairs with subtracted background were interrogated in Insight 3G 10.0.2. software 
package (TSI, Inc.) using a two-pass multi-grid cross-correlation algorithm. The starting window 
size was 64 x 64 px, followed by one refinement at 32 x 32 px. A relatively large displacement 
between particle images in regimes with the 60 mm lens was treated by window offset in the z-
axis direction. This improved the signal-to-noise ratio thanks to lower in-plane correlation loss. 
The resulting 2C and 3C velocity vector fields were averaged over 500 instantaneous vector 




Fig. 1 Configurations of the PIV system. 
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3  Results and Discussion  
Sprays in general represent an optically harsh environment for PIV. In some areas the 
measurement was inaccurate mainly due to low seeding density, large speckles and droplet 
clusters (Fig. 2). In principle, PIV measures the displacement of all objects in the flow, either 
ligaments or droplets. However, quality of PIV relies very much on the size, concentration and 
spatial distribution of seeding particles. Excessive velocity gradients contribute to in-plane and 
out-of-plane loss of correlation. This phenomenon is most significant at the spray periphery. 
This area is formed by ligaments and large droplets with high kinetic energy. The best seeding 
quality was achieved in the spray core at higher pressures. This area is formed by a fraction of  
the smallest droplets with low velocity. Droplet velocity distribution in the spray is highly 
dependent on the injection pressure differential (Fig. 3). Single-camera PIV is unable to resolve 
the tangential velocity component due to perspective error and this component is lost. SPIV 
eliminates this problem and one can expect higher mean velocity obtained from SPIV. 
Comparison of the velocity profiles at various z-values downstream from the nozzle has 
revealed that data measured with SPIV 1 are shifted towards higher values (Fig.4). Tangential 
velocity reaches maxima close to the nozzle orifice at the highest pressure setting (up to 4 m/s). 
With increasing downstream distance, influence of the tangential component decreases (Fig. 5). 
In contradiction to SPIV 1, configuration SPIV 2 in average gave lower velocity values than the 
other three settings. This might have been either due to a calibration misalignment or 
acquisition settings (t, field of view). A relatively high residual error of this setting resulted in 
rejection of significant portion of reconstructed 3C vectors in area close to the nozzle orifice. 





Fig. 3 Average velocity vector field from single-camera PIV. Left: regime 1; right: regime 2.  
Fig. 2 Instantaneous PIV captures. Left: regime 1; right: regime 2. 
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forward scattering mode (lens apertures can be set identically) and it will be exploited in future 
experiments. High number of valid vectors in the single-camera measurements was achieved 
with the larger field of view (28 mm lens). This is primarily due to smaller effective particle image 




This study focused on investigation of spray characteristics by means of single-camera and 
stereoscopic PIV. Results of our measurements provide an insight into the spray flow fields. 
Velocity distributions obtained from single-camera measurements are in good agreement. 
Results of stereoscopic measurements are contradictory. SPIV configuration 1 confirmed our 
expectations; however, a disagreement was found in the results obtained with SPIV 2, where 
velocity profiles in all tested regimes exhibited lower values than in other three PIV 
configurations. Future investigations will focus on refinement of PIV for spray applications.  
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Fig. 4 Velocity magnitude at z = 20±1 mm; 
regime 2. 
Fig. 5 Velocity magnitude at z = 40±1 mm; 
regime 2. 
















F. 3-Axis Camera Positioning Stand
123










The DVD attached to the thesis containts
• thesis document in PDF format
– ♠/thesis.pdf
• Photo documentation and presentation from the Liquid combustion workshop
– ♠/Workshop
• Presentation of the test bench from the Project campaign
– ♠/Project Campaign
• Drawings of the laser stand and the camera traverse system in PDF format
– ♠/Drawings
• Raw PIV captures from mono PIV 28 mm and SPIV 2 measurements (in case
somebody wants to use some alternative processing algorithms)
– ♠/Rawdata
• Processed PIV data – velocity vector fields in txt format from mono PIV 28 mm
and SPIV 2 measurements
– ♠/Processed data




This document was typeset in LYX 2.0.3 with LATEX distribution MikTEX 2.9.
